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Preface 
This thesis is the result of the PhD study “Development of Dual-Phase Oxygen Transport 
Membranes for Carbon Capture Processes” conducted from September 15th 2014 to 
September 14th 2017 and submitted to the Technical University of Denmark.  
The study was part of the project entitled “Graded Membranes for Energy Efficient New 
Generation Carbon Capture Process (GREEN-CC)” financed by the European Union (Grant 
agreement no. 608524). The aim of the GREEN-CC project was to demonstrate a high-
efficiency carbon capture process based on oxy-fuel combustion. To achieve this, thermally 
integrated separation modules based on ceramic oxygen transport membranes (OTMs) 
have been developed for the oxygen production. This thesis focuses on (i) the development 
of thin (10-20 µm) dual-phase membranes, and (ii) oxygen permeation tests of the 
developed membranes in conditions expected in power plants. 
The work presented in the thesis was carried out at three places. Most of the research took 
place at the Technical University of Denmark in the Department of Energy Conversion and 
Storage (Section for Mixed Conductors), under the main supervision of Senior Researcher 
Martin Søgaard (September 2014 – April 2015) and Senior Researcher Ragnar Kiebach 
(May 2015-September 2017), and the co-supervision of Professor Peter Vang Hendriksen 
and Senior Researcher Andreas Kaiser. Three months (October 2016 – December 2016) 
were spend at the Institute of Chemical Technology, a research centre created by the 
Politechnic University of Valencia and the Spanish National Research Council (in Spanish: 
Consejo Superior de Investigaciones Científicas). During this period, work related to the 
improvement of the performance of the OTMs was conducted in the group of Professor José 
M. Serra. Finally, a two-month collaboration (March 2017 – April 2017) took place at the 
Korea Institute of Energy Research (KIER) in the group of Dr. Ji Haeng Yu. During this 
period, thin supported membranes were optimized and tested. 
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Abstract 
Fossil fuel based power plants and industrial production of cement and steel are major 
sources of anthropogenic CO2 emissions. One of the most promising approaches to 
capture and store CO2 from such large point sources is the oxy-fuel combustion route, 
where pure oxygen instead of air is used in the combustion, which greatly facilitates the 
down-stream CO2 capture. The main energy penalty for the oxy-fuel process is related 
to the production of the oxygen, which today commonly is done in cryogenic air 
separation units (ASUs). An alternative approach, which requires significant less energy 
is the use of oxygen transport membranes (OTMs), which has the potential to reduce the 
cost and energy penalty associated with the CO2 capture and storage.  
This thesis focusses on the development and characterization of highly efficient and 
chemically stable planar asymmetric OTMs for direct integration in oxy-fuel combustion 
power plants. For the case of direct integration considered here the permeate side of the 
OTMs will be swept with recirculated flue gas whereby a driving force for oxygen 
transport through the membrane, which is fed with air on the other side, is directly 
established. It further facilitates thermal integration and thermal management in the 
combustion and avoids the need to handle pure oxygen. However, a direct integration 
scheme impose quite severe conditions on the membrane materials, such as stability 
towards both CO2 and SO2 and at low pO2 (1-10 mbar).  
The development of planar asymmetric membranes in this work, required the parallel 
development of (i) stable porous supports, (ii) thin dense membrane layers, (iii) porous 
catalytic backbones and (iv) meso-porous nano-particulate catalytic coatings. For the 
dense membrane layers, dual-phase composites consisting of a stable ionic and a stable 
electronic conductor were used to overcome the stability limitations commonly observed 
with single-phase membrane materials (e.g. La1−xSrxCo1−yFeyO3−δ (LSCF), 
Ba1−xSrxCo1−yFeyO3−δ (BSCF)) in CO2 and SO2. Three composite materials, 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - MnCo2O4 (10Sc1YSZ-MCO), 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - Al0.02Zn0.98O1.01 (10Sc1YSZ-AZO) and 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - LaCr0.85Cu0.10Ni0.05O3-δ (10Sc1YSZ-LCCN) were 
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prepared and applied in planar dual-phase asymmetric OTMs and finally characterized 
and tested in clean as well as flue-gas like atmospheres.  
The work dedicated to 10Sc1YSZ-MCO (70-30 vol.%) dual-phase membranes entailed 
development and characterisation of of 7 µm thin asymmetric membranes supported on 
zirconia supports as well as 0.5 mm thick self-standing membranes. The thin asymmetric 
membranes were prepared by tape-casting, lamination, and fired in a two-step sintering 
process in order to obtain fully dense thin membrane layers in a sintering regime that 
avoids excessive Co and Mn diffusion and/or decomposition of the MCO phase. Long-
term stability tests over 1700 h in pure CO2 and 170 h in oxy-fuel conditions (250 ppm of 
SO2, 3 vol.% of H2O, 5 vol.% of O2 balanced with CO2) demonstrated the stability of the 
composite membranes under relevant application conditions. Oxygen permeation fluxes 
of 1.41 mLN cm-2 min-1 and 2.23 mLN cm-2 min-1 at 940 °C in air/N2 and O2/N2 
atmospheres, respectively, were obtained. To further improve the membrane 
performance, catalytic surface layers were developed and tested by electrochemical 
impedance spectroscopy (EIS). Oxygen permeation tests were realized on 10Sc1YSZ-
MCO (70-30 vol.%) membranes coated with these porous catalytic layers. The tests 
demonstrated that layers based on mixed ionic and electronic conducting backbones 
worked best (e.g. Ce0.8Tb0.2O2-δ (CTO)-NiFe2O4 (NFO) (40-60 vol.%)); increases in the 
oxygen permeation of about 50 % were observed for membranes coated with a such 
compared to those based on purely ionically conducting backbones. 
10Sc1YSZ-AZO (50-50 vol.%) dual-phase composite membranes were also developed 
and characterized as thick (1 mm) self-standing membranes and thin (8 µm) supported 
membranes. The stability of these membranes in gas streams containing CO2, SO2 and 
H2O was found to be excellent. However, the high volatility of the Zn in the AZO phase 
under mildly reducing atmospheres makes the fabrication of thin asymmetric membranes 
challenging. Very limited oxygen permeation fluxes were measured through the 8 µm 
thick supported membrane (0.16 mLN cm-2 min-1 at 925 °C in air/N2), while 1 mm thick 
membranes, in which the Zn depleted part was removed by polishing, displayed higher 
oxygen permeation fluxes (0.33 mLN cm-2 min-1 at 925 °C in air/N2). 
Finally, self-supported dual-phase membranes made of 70 vol.% of 10Sc1YSZ and 30 
vol.% of LCCN were prepared and characterized (oxygen permeation measurements 
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and stability tests under oxy-fuel conditions). Analyses using several characterization 
techniques (X-ray diffraction (XRD), X-ray fluorescence (XRF), attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR), Raman spectroscopy and scanning 
electronic microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) underlined 
the excellent stability of the materials under application relevant atmospheres. Oxygen 
permeation fluxes of 0.27 mLN cm-2 min-1 and 1.02 mLN cm-2 min-1 were obtained at 950 
°C in air/N2 gradient for a 1000 µm thick and a 110 µm thick membrane, respectively. To 
further improve the oxygen permeation through 10Sc1YSZ-LCCN membranes, thin 
asymmetric and symmetric supported membranes were developed on 10Sc1YSZ-LCCN 
(40-60 vol.%) porous structures. Fully dense thin membrane layers (10-60 µm) were 
obtained, but the porous structures (support and activation layers) became to dense in 
the co-firing process. Consequently, further research and development is required to 
realize the full potential of this promising material combination. 
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Chapter 1: Introduction 
This chapter gives a general introduction into oxygen transport membranes (OTMs) in the 
context of carbon capture and storage (CCS) and utilization (CCU).  
1.1. Oxygen transport membranes in the context of Carbon Capture 
and Utilization or Storage 
The increase of the global population and the fast-growing economies of the developing 
countries are the main drivers which predict an increasing demand for energy in future 
decades. Despite all efforts focused on the development of clean and renewable energies, 
it clearly appears that in all realistic scenarios fossil fuel energy (coal, gas and oil) will still 
represent an important part of the energy sources in the near future, and it is predicted that 
more than 60 % of future electricity generation will be based on fossil fuels [1]. However, 
fossil fuel use is the primary source of greenhouse gas emissions as shown in Figure 1. 1 
[2]. Fossil power plants are by far the biggest point sources of CO2 emissions; therefore, 
Carbon Capture and Utilization (CCU) or Storage (CCS) in fossil power plants is an 
important strategy to reduce CO2 emissions in order to counteract global warming and allow 
future electricity supply to be environmentally safe as recommended by the Kyoto Protocol 
and the Energy Technology Strategic Plan of the European Union [3]. 
Post-combustion capture, pre-combustion fuel decarbonisation and oxy-fuel combustion are 
the three main CO2 capture technologies in advanced power generation [4]. Post-
combustion relates to CO2 capture from the exhaust of a combustion process by absorbing 
CO2 in chemical or physical solvents (e.g. amine scrubbling). The pre-combustion fuel 
decarbonisation process removes CO2 from the fuel before the combustion is completed. 
This process involves two main steps: (i) converting fuel into a mixture of CO2 and H2 using 
processes like reforming or gasification and (ii) separating CO2 and H2. This separation can 
be done by absorbing CO2 into solvents or by adsorption (pressure swing adsorption). In the 
oxy-fuel process the fuel is combusted in oxygen unlike the two other processes using air 
(pure oxygen can also be used for the pre-combustion process). By eliminating nitrogen 
from the oxidant gas stream, it is possible to produce a CO2-enriched flue gas (90 – 95 % 
CO2 in the dried flue gas) and the non-circulated part of the CO2 can be compressed and 
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stored [5]. This approach makes the CO2 capture much easier and cheaper than using air 
for combustion. The main additional energy demand in this method results from the oxygen 
production, which is usually done using cryogenic air separation units (ASUs), the only 
available technology for large-scale production. ASUs cool incoming air to a sufficiently low 
temperature to liquefy oxygen. While the freezing technique produces a pure stream of 
oxygen, the process is particularly expensive and consumes a considerable amount of 
energy [6, 7]. This energy demand can substantially be lowered using thermally integrated 
separation modules based on ceramic oxygen transport membranes (OTMs) [8].  
OTMs are made of dense mixed ionic and electronic conductor (MIEC) materials permitting 
the transport of oxygen ions via oxygen vacancies and the transport of electron via defects 
or polaron hopping in the material crystal lattice. Thus, OTMs can extract O2 from air and 
produce a flux of pure oxygen. The separation process is based on a driving force created 
by the difference between partial pressures of oxygen (pO2) on the two sides of the 
membrane. More details on the working principle and OTM materials are given in Chapter 
2. 
 
Figure 1. 1: Global greenhouse gas emissions sorted by gas and based on global emission data from 2010. Figure 
taken from the Fifth Assessment Report of the Intergovernmental Panel: Climate change 2014 [2]. 
1.2. Integration of oxygen transport membranes in oxy-fuel 
combustion power plants 
Oxy-fuel combustion is considered to be an energy-efficient process for CCS in power 
plants. The process requires high purity oxygen in large quantities that can be produced by 
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distillation (ASU), adsorption (Pressure Swing Adsorption [PSA]) or membrane (OTM) 
technology. As mentioned above, a cryogenic distillation of air is the most mature of the 
three technologies and allows for both high purities (> 99 %) and large-scale productions 
[9]. With OTMs, the effective energy demand for oxygen production can be reduced 
compared to cryogenic air separation. Several studies reported the effective energy demand 
values of 147 kWh/tO2 [10] and 185 kWh/tO2 [11] for plants equipped with the OTM 
technology, while the energy consumption for cryogenic distillation has been put at 220 – 
245 kWh/tO2 for large scale production [12 – 14], and 280 – 340 kWh/tO2 for small- to 
medium-scale plants [11]. The reduction of the energy demand is the main advantage of the 
membrane technology. 
The integration of oxygen transport membranes in the oxy-fuel combustion process can be 
applied in two ways called the 4-end mode and the 3-end mode. Figure 1. 2.a and 1. 2.b 
illustrate the two options, respectively. The two processes can be distinguished according 
to two parameters: the membrane integration (direct/indirect) and the operation mode 
(sweep gas/vacuum). The 3-end mode membrane module is indirectly integrated to oxy-fuel 
combustion power plants. In this configuration, the membrane module generates pure 
oxygen, which is subsequently diluted with recirculated flue gas in order to control the 
combustion process in the boiler. The membrane module is, therefore, not in direct contact 
with the flue gas. Vacuum pumps or exhausters are required to remove the oxygen from the 
membrane. Conversely, the 4-end mode integrates the membrane module in direct contact 
with the flue gas. The recirculated flue gas is used as a sweep gas on the permeate side of 
the membrane and is thus directly diluting the oxygen and ready for combustion [15]. 
Consequently, the 4-end mode membrane module does not require additional 
turbomachines and consumes less energy than the 3-end mode. Up to 60 % reduction in 
capture energy demand compared to cryogenic air separation can be achieved by using 
thermally integrated separation modules (4-end mode) based on ceramic oxygen transport 
membranes [10, 14].  
However, OTM technology is not developed at an industrial scale nowadays. One of the 
major limitations is the availability of materials with high permeability and chemical stability 
[16]. For example, cerium oxide-based compounds are stable at CO2-containing 
atmospheres but result in a very low oxygen permeation flux [17]. On the other hand, in the 
last years, very high oxygen fluxes were obtained in particular with Ba1-xSrxCo1-yFeyO3-δ or 
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La1-xSrxFe1-yCoyO3-δ-based membranes. Baumann et al. reported oxygen fluxes between 
12.2 and 67.7 mL min-1 cm-2 at 1000 °C depending on the oxygen gradient [18]. 
Unfortunately, these compounds decomposed in carbonates when it is exposed to CO2-rich 
atmospheres [19 – 25]. The composition of the flue gas of oxy-fuel power plants, to which 
the membrane is exposed, is influenced by several parameters: oxygen purity, fuel 
composition and false air intrusion. Therefore, the composition of the flue gas varies from 
case to case. Nevertheless, it is commonly composed mainly of CO2 (80 – 90 mol.%) and 
contains a limited amount of N2 (8 – 10 mol.%), H2O (2 – 3 mol.%), O2 (2 – 3 mol.%) and 
SO2 (200 – 500 ppm) [26]. No OTMs exhibited sufficiently high performances under such 
conditions to be commercialized. Therefore, the main effort required for the integration of 
the OTM technology in oxy-fuel combustion power plants is to develop highly performant 
and stable membranes in realistic power plant conditions. 
 
Figure 1. 2: Illustrations of (a) 4-end mode (direct) and (b) 3-end mode (indirect) integration of oxygen transport 
membranes into oxy-fuel combustion power plants. 
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Chapter 2: Background 
In this chapter the basic operating principle of OTMs is explained (sub-chapter 2.1.) and 
the underlying transport processes of the oxygen through the membranes is described (sub-
chapter 2.2.). Additionally, an overview of the typical membrane geometries is presented 
(sub-chapter 2.3.) and a brief literature review on membrane materials (single + dual-phase 
membranes) is done (sub-chapter 2.4.).  
2.1. Basic working principle of oxygen transport membranes 
Oxygen transport membranes consist of gastight mixed ionic and electronic conductors 
(MIEC) that allow simultaneously the transport of oxygen ions via oxygen vacancies and 
electrons via defects and polaron hopping in the crystal lattice. OTMs produce a flux of pure 
oxygen, based on a driving force created by the difference between partial pressures of 
oxygen (pO2) on the two sides of the membrane. In general, such membranes work at high 
temperature (> 700 °C) because of the demand of energy for the movement of charge 
carriers (oxygen ions and electrons). The high pO2 side (called feed side) corresponds 
usually to air flow while a variety of mildly or harsh reducing gases (e.g. N2, CO2, Ar) can be 
used at the low pO2 side (called sweep side). The oxygen flux through the membrane is for 
the case of fast surface exchange given by the Wagner Equation (1): 
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫
𝜎𝑒𝜎𝑖
𝜎𝑒+𝜎𝑖
 (𝑝𝑂2) 𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (1) 
where 𝐽𝑂2 is the oxygen permeation flux (mol m
-2 s-1), 𝑅 is the gas constant, 𝐹 is the Faraday 
constant, 𝐿 is the membrane thickness, 𝜎𝑒 and 𝜎𝑖 are the electronic and the ionic 
conductivities, and 𝑝𝑂2
𝑓𝑒𝑒𝑑
 and 𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
 are the oxygen partial pressures at the high-
pressure side and low-pressure side, respectively. 
Accordingly, in order to obtain a high oxygen flux, the membrane thickness 𝐿 should be as 
low as possible (cf. Eq. (1)). Asymmetric membranes made of a thin selective membrane 
layer (10 – 30 µm) supported on a relatively thick porous support (200 – 500 µm) are 
promising architecture to minimize the actual membrane thickness while ensuring 
mechanical robustness. For this reason, this thesis focuses on the development of 
 31 Chapter 2: Background 
asymmetric supported membranes. Some specific details on the transport of oxygen through 
asymmetric membranes are given in the following section.  
2.2. Transport of oxygen through asymmetric membranes 
Oxygen permeation through asymmetric MIEC membranes can be divided into 6 different 
steps. Figure 2. 1 shows the assembly model of the steps represented as resistances in 
series. Zones I and VI represent the concentration polarization in the gas phases (feed gas 
and sweep gas); zone V corresponds to the concentration polarization in the pores of the 
porous support; zone II symbolizes the surface exchange including oxygen reduction, 
dissociation and incorporation into the oxide lattice at the high oxygen partial pressure side 
while zone IV illustrates the reactions in the opposite order at the low-oxygen partial pressure 
side in order to reconstitute the oxygen molecule. Finally, zone III represents the bulk 
transport of the oxygen ions into the dense selective membrane layer. The dominating rate-
limiting process (largest resistance) governs the overall performance. The rate-limiting 
process depends on several parameters such as the membrane material, the membrane 
geometry or the operating conditions. In the following sections the various rate-limiting 
processes will be quickly presented.  
 
Figure 2. 1: Model of resistances representing the steps of the oxygen permeation through asymmetric membranes. 
Figure taken from [1]. 
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2.2.1. Gas diffusion limitation 
In the case of high oxygen flux and high driving force, an oxygen gradient occurs adjacent 
to the porous support because of the existence of a stagnant gas layer. This phenomenon 
is called gas diffusion layer and corresponds to a decline of the chemical potential starting 
from gases (feed or sweep gases) to the surface of porous layers (zones I and VI, Figure 2. 
1). The flux through a stagnant gas layer will be proportional to the concentration gradient 
through the layer: 
𝐽𝑂2 = −𝐷𝑂2−𝑁2
𝛥𝐶𝑂2
𝛥𝑥
   (2) 
where 𝛥𝑥 is the thickness of the stagnant gas layer, 𝐷𝑂2−𝑁2 is the binary diffusion coefficient 
of oxygen in nitrogen, and 𝛥𝐶𝑂2 is the concentration difference across the layer. The fast 
diffusion of the oxygen in air (large values of 𝐷𝑂2−𝑁2) commonly leads to a negligible loss of 
oxygen activity.  
The diffusion of the gas through the porous support (zone V, Figure 2. 1) usually induces a 
more significant loss of the driving force. The associated resistance is highly dependent on 
the microstructure of the support material (porosity, pore size, pore connectivity, tortuosity, 
etc.). In a porous support, Knudsen and surface diffusion govern the mass transfer. Both of 
them are functions of the pore size of the support. The expression for the mass transfer 
across a porous support is given below [1]: 
𝐽𝑂2 =
1
1
𝐷𝑘
+
1−𝑥𝑂2𝑆
𝐷1𝑚
 (𝐶𝑂2𝑆−𝐶
′
𝑂2𝑆
)
𝑡
−𝑒
𝜏
   (3) 
where the Knudsen diffusion coefficient 𝐷𝑘 is expressed as: 
𝐷𝑘 =
2
3
𝑟𝑝𝑜𝑟𝑒√
8𝑅𝑇
π𝑀𝑂2
   (4) 
𝑀𝑂2 is the molar weight of O2, T is the temperature, 𝑟𝑝𝑜𝑟𝑒 the radius of the pore, 𝑡 the support 
thickness, and 𝑒 the volume void fraction. 𝐷1𝑚, the binary diffusion coefficient, takes into 
account the diffusivity of oxygen inside the stream on the sweep side, e.g. in the case 
reported in this work, the diffusivity of the species oxygen inside CO2. 𝑥𝑂2𝑆 is the oxygen 
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mole fraction in the gas at the surface of the support, and 𝐶𝑂2𝑆 and 𝐶
′
𝑂2𝑆 are the 
concentration of oxygen, respectively, at the two sides of the support. 
2.2.2. Bulk diffusion limitation 
When the thickness of the selective membrane layer is in the range of 200–300 µm or higher, 
it is typically estimated that the limiting step of the oxygen permeation is the bulk transport 
in the selective layer (zone III) [2]. The bulk transport is very well understood and can be 
described by the Wagner equation (Eq. 1). In this equation, the term 
𝜎𝑒𝜎𝑖
𝜎𝑒+𝜎𝑖
 corresponds to 
the ambipolar conductivity. In most of the MIECs or dual-phase materials, the electronic 
conductivity is, at least, an order of magnitude higher than the ionic conductivity (𝜎𝑒 ≫ 𝜎𝑖); 
therefore, the Wagner’s equation can be simplified to: 
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫ 𝜎𝑖 (𝑝𝑂2) 𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (5) 
2.2.3. Surface exchange limitation 
Under the 200–300 µm thresholds, the thickness of the membrane has a weak influence on 
the flux. The critical value is defined as the condition when the bulk diffusion and the surface 
exchange resistance are equivalent. For thicknesses below the critical value, surface 
reactions should be considered [3]. For such thin membranes, the losses associated with 
oxygen incorporation from the gas into the bulk material may become limiting for the 
transport over the membrane. The oxygen surface exchange process occurs through a 
series of reaction steps, including oxygen reduction, dissociation and incorporation into the 
oxide lattice at the high-oxygen partial pressure side (zone II, Figure 2. 1) such as [4]: 
𝑂2 + 𝑒
− ⟶ 𝑂2
−   (6) 
𝑂2
− + 𝑒− ⟶ 𝑂2
2−   (7) 
𝑂2
2− ⟶  2𝑂−   (8) 
2𝑂− + 2𝑒− ⟶  2𝑂2−   (9) 
2𝑂2− + 2𝑉𝑂
.. ⟶ 2𝑂𝑂
𝑥   (10) 
 34 Chapter 2: Background 
At the low-oxygen partial pressure side (zone IV, Figure 2. 1), the reactions occur in the 
opposite order, representing thus the desorption, recombination and oxidation of the oxygen. 
Each of these reactions can be the limiting rate step for the overall surface exchange 
reaction. In the steady state, the oxygen flux across the membrane is assumed to be 
proportional to the chemical potential drop over the interface (linear kinetics): 
𝐽𝑂2 = −
𝑘𝑆𝑐𝑂
4𝑅𝑇
Δ𝜇𝑂2
𝑖𝑛𝑡   (11) 
Δ𝜇𝑂2
𝑖𝑛𝑡 is the chemical potential drop across the interface, 𝑘𝑆 is the surface exchange 
coefficient, and 𝑐𝑂 denotes the oxide ion concentration at the surface.  
Bouwmeester and Burggraaf [5, 6] introduced the characteristic thickness 𝐿𝑐 to define the 
membrane thickness corresponding to transition from predominant bulk diffusion limitation 
to the state when the oxygen permeation is governed by the surface exchange. 𝐿𝑐 is defined 
by the ratio between the self-diffusion coefficient of oxygen (𝐷𝑆) and the surface exchange 
coefficient (𝑘𝑠):  
𝐿𝑐 =
𝐷𝑆
𝑘𝑠
   (12) 
when the membrane thickness (L) is much smaller than 𝐿𝑐, the oxygen permeation is mainly 
limited by the surface-exchange kinetics, while for 𝐿  ≫ 𝐿𝑐 the bulk diffusion is the main rate 
limiting factor. It has to be noted that  𝐿𝑐 is not an intrinsic property of the material but is also 
dependent on a variety of extrinsic conditions, i.e. temperature [7], oxygen-partial pressure 
[8, 9], roughness and the surface porosity [10]. A modified Wagner equation, considering 
the bulk diffusion and surface exchange kinetics limitations, can be written as [10]: 
𝐽𝑂2 = − 
1
1+(
2𝐿𝑐
𝐿
)
𝑅𝑇
16𝐹2𝐿
∫ 𝜎𝑖𝑜𝑛 (𝑝𝑂2)𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (13) 
2.3. Geometry structure 
The most common geometric shapes of OTMs are planar, tubular and hollow fibres. Each 
geometry presents advantages and disadvantages. They will be described briefly here. 
The planar design presents the advantages of being well-established and relatively easy to 
fabricate by using low-cost and reproducible methods like powder pressing or tape casting. 
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The mechanical strength of the planar design is another advantage compared to the other 
configurations. On the other hand, the membrane sealing is more critical for the planar 
design than the tubular and hollow fibre configurations due to the large seal areas and the 
large pressure differential applied through the membranes [11].  
The tubular configuration is relatively easy to fabricate and operate. The porous support can 
be prepared in large scale by extrusion methods at relatively low cost. The dense layer can 
be applied using conventional methods such as dip coating. The sealing procedure is difficult 
due to the high-pressure differential applied through the tubes but the sealing area per unit 
of membrane surface is small. A disadvantage of the tubular design is that it results in an 
expensive system since the membrane surface area per unit volume is low compared to a 
planar structure. Moreover, during testing every tube needs to be sealed to the testing 
manifold, and this is expensive. One way to reduce the cost is to increase the length of the 
tubes, which unfortunately decreases the reliability of the membranes [11]. 
Compared to planar or tubular designs, hollow fibre membranes have a higher surface-to-
volume ratio [12]. Such membranes can be prepared by extruding or pumping methods. 
Moreover, the thinner membrane walls and asymmetric structure of hollow fibre membranes 
are more favourable for getting higher oxygen permeation flux than with the other geometric 
configurations. However, the complexity of sealing the membranes to the manifold still exists 
with this design, and the membranes’ mechanical strength is not as good as with the planar 
configuration.  
Considering all pros and cons of the different geometric configurations as well as the in-
house experience and the facilities of the laboratory, the planar design has been selected 
for the development of the OTMs of this thesis.  
2.4. State of the art of oxygen transport membrane materials 
Asymmetric oxygen transport membranes consist of different layers that require different 
material proprieties. Table 2. 1 summarizes the requirements that the porous support, the 
catalyst activation layers and the dense membrane layers have to fulfil. 
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Table 2. 1: Requirements for porous support, catalyst activation layers and dense membrane layers. Targeted values 
are mentioned in brackets 
The performances of oxygen transport membranes are highly related to the material 
properties of the material(s) composing the dense and selective membrane layer. 
Consequently, this section will give a review of the most studied materials used as dense 
membranes for oxygen separation applications. Among these membrane materials, two 
categories can be distinguished: the single-phase materials and the dual-phase materials. 
2.4.1. Single-phase membranes 
Since decades, membranes based on single phase MIEC materials have been highly 
studied, showing high oxygen permeation flux [13 – 22]. The oxygen conduction 
phenomenon exhibited by MIEC materials is attributed to their ability to support oxygen 
vacancies and lattice disorder, which allows the relatively rapid and sustainable transport of 
oxygen ions under the appropriate conditions [23 – 27]. Most MIEC membrane materials 
can be classified into two groups based on their crystal structure: the perovskite and 
Ruddlesden–Popper phases. 
 Perovskites 
Porous support Catalyst activation layers Dense membrane 
Chemical, thermal and 
mechanical stability 
Chemical, thermal and 
mechanical stability 
Chemical, thermal and 
mechanical stability 
Gas permeability 
(≥ 10-14 m2) 
Gas permeability 
(≥ 10-14 m2) 
Gas-tightness 
(d > 95 %) 
Suitable pore size, pore 
connectivity and surface 
roughness 
Suitable pore size, pore 
connectivity and surface 
roughness 
Minimum thickness 
(10-30 µm) 
Good mechanical strength 
(Flexural strength ≥ 80MPa) 
Buffer layer in case of chemical 
incompatibility or thermal 
expansion coefficient mismatch 
between membrane layer and 
porous support 
High ionic and electronic 
conduction 
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Perovskite materials are defined by the general formula ABO3, corresponding in general to 
A2+B4+O3 (A1+B5+O3 or A3+B3+O3 are also possible). In this formula, A and B correspond to 
two cations of very different sizes. The “A” atoms are larger than the “B” atoms. The ideal 
cubic-symmetry structure has the “B” cation in 6-fold coordination, surrounded by an 
octahedron of oxygen anions, and the “A” cation in 12-fold cuboctahedral coordination. 
Figure 2. 2 presents two views of the unit cell of such materials. In Figure 2. 2.a, the type 
“A” atom sits at cube corner positions (0, 0, 0), the type “B” atom sits at the body centre 
position (½, ½, ½), and the oxygen atoms sit at face-centred positions (½, ½, 0). Conversely, 
the Figure 2. 2.b presents the structure with the “A” atom at the body centre position and the 
“B” atom at the cube corner positions, surrounded by oxygen octahedrons. 
The ionic conductivities can be enhanced greatly by substituting lower valence cations for 
both A and B sites because the deficiency from the substitution brings an increase of oxide 
ion vacancies. The electronic conductivity can also be increased by the addition of aliovalent 
cations. The “B” cation is oxidized and thus formed an electron hole. After doping with other 
metal cations, the perovskite can be symbolized by the formula A1-xA’xB1-yB’yO3-δ. Usually, 
“A’” ions are alkaline-earth metals such as Ca2+, Sr2+ and Ba2+, and “B” ions are transition 
metals such as Co3+ and Fe3+. Among the various combination of chemical compounds, Ba1-
xSrxCo1-yFeyO3-δ (BSCF) and La1−xSrxCo1−yFeyO3−δ (LSCF) appear to be the materials with 
the highest oxygen permeation flux [13, 28 – 35].  
BSCF is a derivative of the commonly studied material SrCo1-xFexO3 (SCF). Teraoka et al. 
revealed that SrCo0.8Fe0.2O3 exhibits 5.10-6 mol cm-2 s-1 at 800 °C (air/He) [36]. This high 
flux is a consequence of the high concentration of oxygen vacancies in the crystalline 
structure of SCF. Nevertheless, the stability of the material at high temperatures is 
problematic. Indeed, SCF presents a structural transformation from perovskite to 
brownmillerite at 700 °C [37]. The substitution of Sr by Ba (BSCF) is a way to stabilize the 
cubic structure of the perovskite and to enhance the oxygen permeation flux [31, 38]. 
Despite its good performances, BSCF has several drawbacks that limit its use as a 
membrane material. One of the most critical is its instability under CO2 and SO2 containing 
atmospheres [30, 39, 40]. BSCF also has high chemical and thermal expansion [41]. The 
lattice expansion arising from the phase transition (cubic to hexagonal) occurs in the 850–
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900 °C temperature range in which OTMs are usually operated and results in chemical 
instability and mechanical failure [42].  
During the past decade, LSCF has been intensively investigated as a membrane material 
for oxygen separation from air [43, 44] and cathode material for solid oxide fuel cells [45 – 
48]. This material is a mixed ionic electronic conductor showing high electronic conductivity 
(310 S cm-1 for La0.2Sr0.8Co0.8Fe0.2O3−δ at 900 °C) and good ionic conductivity (0.87 S cm-1 
for La0.2Sr0.8Co0.8Fe0.2O3−δ at 900 °C) [46]. Teraoka et al. demonstrated that the performance 
of the material increases with Sr and Co content while its stability decreased [36]. Previous 
studies proved its stability in CO2 if the Sr-content is limited [43, 44] but also its instability in 
SOx-containing atmospheres due to the formation of SrSO4 [49, 50]. This makes LSCF an 
inappropriate candidate material for OTMs developed for oxy-fuel combustion applications.  
 
Figure 2. 2: Schema of an ABO3 perovskite structure with the body centre position occupied by the “B” atom (a) and 
by the “A” atom (b). 
 The Ruddlesden–Popper phases 
Ruddlesden–Popper phases are materials with the general formulation An+1MnO3n+1 (with n 
= 1, 2, 3, …∞), where A is a cation of large ionic radius (lanthanide or alkaline earth) and M 
a transition metal (M= Co, Ni, Cu, etc). Figure 2. 3 presents the A2MO4+δ structure 
corresponding to the first term (n=1) of the Ruddlesden–Popper series. The structure 
belongs to the K2NiF4 model. It can be simplified as a succession of perovskite-type MO6 
octahedra layers, shifted relative to each other by a vector (½, ½, ½) so that they appear 
linked together by a NaCl-type AO sheets. In reality, due to the Jahn–Teller effect, the 
octahedra are not regular and the structure consists more as a succession of square MO2 
plan sheets and A2O2 layers. This layered structure admits a deviation from the oxygen 
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stoichiometry and makes it possible to incorporate an excess of oxygen. This phenomenon 
is due to the size difference of A and M cations which induces distortions within the crystal 
structure. This distortion is partly compensated by a natural insertion of interstitial oxygen 
[51, 52] and results in a mixed valence of the metal (M2+/M3+). The presence of two degrees 
of oxidation confers good electronic conduction on the material. Thus, Ruddlesden–Popper 
phase materials are good ionic and electronic conductors. 
La2NiO4+δ and its derivative materials La2-xSrxNi1-yMyO4+δ (M= Fe, Cu, Co) are the 
Ruddlesden–Popper materials that have been investigated as an oxygen transport 
membrane material [53 – 63]. These materials exhibit high oxygen diffusion and surface 
exchange coefficients at intermediate temperatures together with moderate thermal 
expansion coefficients around 13.0 10-6 K-1 [58]. Several studies attest that the substitution 
of strontium for lanthanum (0≤x≤0.75) results in an increase of the electrical conductivity [54, 
62, 63]. Indeed, Aguadero et al. demonstrated that La1.25Sr0.75NiO4+δ exhibits a conductivity 
of 235 S cm-1 in air at 850 °C, while La2NiO4+δ displays only 60 S cm-1 under the same 
operating conditions [54].  
 
Figure 2. 3: (a) A2MO4 tetragonal structure and (b) A2MO4 orthorhombic structure. Figure taken from [51]. A-site 
cations are in red, M-site in yellow and oxygen in white. 
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2.4.2. Dual-phase membranes 
As mentioned, most of the flux-wise promising single-phase MIEC materials are not 
chemically stable under oxy-fuel combustion power plant conditions. Conversely, the stable 
ones do not present sufficiently high oxygen permeation fluxes to be commercialized. Dual-
phase systems, where the membrane consists of a composite of a stable ionic conductor 
and a stable electronic conductor, can overcome the disadvantages of single phase 
membranes. Ideally, they combine the best characteristics of compounds to achieve both a 
large oxygen permeability and good chemical and mechanical stabilities at elevated 
temperatures. A good percolation of both ionic and electronic conducting phases is 
fundamental for dual-phase composites in order to show high oxygen permeation fluxes. 
Figure 2. 4 presents a schematic draw of an asymmetric dual-phase membrane. 
 The first dual-phase membranes were made of oxygen conductors and noble metals: 
(Bi2O3)0.24SrO0.26-Ag [64], Bi1.5Er0.5O3-Ag [65], Bi1.6Y0.4O3-Ag [66], Bi1.5Y0.3Sm0.2O3-Ag [67, 
68], and YSZ-Pd [69]. However, the application of these materials is limited due to high 
material costs, a mismatch of the thermal expansion coefficient (TEC) between the ceramic 
and the metallic materials, and poor oxygen permeability. More recently, perovskite, spinels 
or fluorite type oxides have been used instead of noble metals as electronic conductors [70 
– 79].  
 
Figure 2. 4: Schematic draw of an asymmetric dual-phase membrane. 
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2.4.2.1. Ionic conductors 
Materials for which the conduction is predominated by ions, rather than by electrons and 
holes (negligible electronic conductivity) are considered as purely ionic conductors. Fluorite-
type oxides represent the most common ionic conducting materials. The fluorite structure is 
represented by AO2, where A is the large tetravalent cation such as Zr4+ or Ce4+. Fluorite 
contains oxygen anions in simple cubic packing, with half of the interstices occupied by 
metal cations. The metal cations are surrounded by oxygen anions tetrahedrally coordinated 
to the metal cations. Two fluorite oxides have particularly been investigated for use as 
oxygen transport membrane materials: ZrO2 and CeO2.  
At room temperature, ZrO2 has a monoclinic crystal structure. Nevertheless, when the 
temperature increases, the crystal structure of ZrO2 transforms to the tetragonal (>1000 °C) 
and cubic structures (>2300 °C) [80]. Trivalent cation oxides can be added to pure ZrO2 in 
order to stabilize the cubic phase at room temperature [80 – 82]. The cubic ZrO2 presents 
the advantage of having a higher ionic conductivity than the monoclinic crystal structure. 
Yttria-doped zirconia has been particularly investigated as an oxygen transport membrane 
material or an electrolyte material for solid oxide fuel cells due to its high ionic conductivity, 
its thermodynamic stability in oxidizing and reducing atmospheres and its good mechanical 
properties [83]. The highest ionic conductivity for (ZrO2)1-x(Y2O3)x materials is obtained for x 
= 0.08 (8YSZ), with 0.03 S cm-1 at 850 °C [84]. Further addition of yttria will decrease the 
ionic conductivity due to enhanced association of the oxygen vacancies and dopant cations, 
which results in defective complexes with low mobility [85]. During the past decades, other 
zirconia-based oxide ion conductors consisting of aliovalent dopants substituting zirconia 
such as (ZrO2)1-x-(M2O3)x (M= Sc [86 – 97], Yb [87, 89, 91, 92, 94, 95, 97], Gd [89, 91, 92, 
94, 97], Dy [89, 91, 92, 94, 97], Eu [89, 91, 92, 94], Er [87, 91, 92, 94, 97], Nd [87, 94], La 
[87; 94], Sm [87, 94], Ce [86, 91], Ho [94], Pr [94], Tb [94], Lu [94]) and tertiary systems of 
two oxides co-doping zirconia like (ZrO2)1-(x+y)-(M2O3)x-(M’2O3)y have been studied. Artemov 
et al. reported that the ionic conductivity of (ZrO2)0.89(Sc2O3)0.10(Y2O3)0.01 corresponds to 
0.12 S cm-1 at 850 °C [98], which makes it a significantly better ionic conductor than 8YSZ. 
Unlike ZrO2, CeO2 has a stable cubic fluorite structure at room temperature and, therefore, 
the structure does not need to be stabilized. However, the partial substitution of Ce4+ by 
divalent or trivalent ions is desired because it creates oxygen vacancies in the structure, due 
 42 Chapter 2: Background 
to the lower valence of the doping ions compared with Ce4+ [99 – 101]. Over the past 
decades, many substitutions of ceria with alkaline earth or rare earth oxides have been 
attempted in order to increase its ionic conductivity. Systems based on CeO2–M2O3 (M= Gd 
[87, 89 – 91, 101 – 104], Sm [89, 90, 101 – 103, 105], Y [89, 90, 101, 103], Dy [103], Nd 
[103], Eu [103], Yb [103], La [90, 101, 103], Sc [101]) and CeO2–M’O (M’=Mg [101, 103], Sr 
[101, 103], Ba [101, 103], Ca [89]) were reported. Gadolinia and Samaria-doped ceria show 
the highest conductivities among the doped ceria materials. The high performances were 
attributed to the good match in ionic radii [106]. Figure 2. 5 shows the dependence of the 
ionic conductivity on ionic radius of M3+ for (CeO2)0.8(M2O3)0.2 systems at 800 °C. The 
oxygen vacancies make gadolinium-doped ceria (CGO) one of the fastest oxide ion 
conductors, in spite of being an electronic conductor at high temperature in reducing 
atmosphere. Ionic conductivities of 0.06 S cm-1 and 0.078 S cm-1 were found at 800 °C and 
850 °C for a dopant level of 20 mol.% Gd (Ce0.8Gd0.2O2-δ), respectively [107 – 109]. 
Bi2O3-doped metal oxides are another significant class of ionic conductors with high 
conductivity in comparison to doped ZrO2 and CeO2 [110]. Nevertheless, most bismuth oxide 
materials have extremely poor strength and tend to reduce in low partial pressure 
atmosphere, making them unsuitable for the intended power plant and industrial applications 
[97, 111].  
 
Figure 2. 5: Dependence of the ionic conductivity on ionic radius of M3+ for (CeO2)0.8(M2O3)0.2 systems at 800 °C. 
Figure taken from [89]. 
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2.4.2.2. Electronic conductors 
Electronic conducting oxides have been investigated as electronic conductors for dual-
phase membranes as replacements for the expensive noble metals originally used. These 
oxide can mainly be regrouped in two category of materials: spinel oxides type and 
perovskites. 
 Spinels 
Oxide spinels are described by the general formula AB2O4, where in most of the cases A 
and B are tetrahedral and octahedral cation sites in a cubic close packing of oxygen (Figure 
2. 6). Nevertheless, some spinels such as NiCr2O4, MgMn2O4 or ZnMn2O4 have a tetragonal 
structure due to the Jahn–Teller distortion [112]. The conductivity of spinels originates from 
hopping of charges between octahedral sites [113]. Consequently, the presence of 
aliovalent octahedral cation is beneficial to conduction. Thus, Fe3O4, which is an inverse 
spinel with tetrahedral sites occupied by Fe3+ and octahedral sites filled by an equal 
proportion of Fe2+ and Fe3+ ions, has a conductivity over 100 S cm-1 at room temperature, 
the highest of all spinels [112]. On this basis, the strong octahedral site preference energies 
of Al3+ and Cr3+ explain why aluminium and chromium spinels are not good conductors. On 
the other hand, manganite and cobaltite families of spinels are the best-suited as high-
temperature conductors because of their multiple valence states. Petric et al. showed that 
among a selection of twenty-six spinels, MnCo2O4 and Mn1.7Cu1.3O4 present the two highest 
electrical conductivities with 60 S cm-1 at 800 °C and 225 S cm-1 at 750 °C, respectively 
[112].  
 
Figure 2. 6: Schematic drawing representing a unit cell of spinel structure. 
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 Perovskites 
Over the past years, perovskites consisting of La as A-site cation and transition metals (Cr, 
Mn, Fe, Co and Ni) as B-site cation have been extensively investigated [114 – 117]. 
Manganites, ferrites, nickelates and cobaltites present higher electrical conductivities than 
chromates but also a lower stability in reducing atmospheres, which is one of the key 
requirement for some OTM applications (e.g. biomass gasification, partial oxidation of 
methane into syngas) [118]. For this reason, lanthanum chromite-based materials are also 
considered as interconnect materials for Solid Oxide Fuel Cells (SOFC) [119 – 125]. 
Moreover, the electrical conductivity of LaCrO3 (0.6-1.0 S cm-1 at 1000 °C) [118] can be 
improved by using suitable dopants. These last may also help to densify the lanthanum 
chromite-based materials usually refractory to densification. Thus A-site and B-site dopants 
can be introduce to the formula LaCrO3, forming the derivative formula La1-xAxCr1-yMyO3-δ, 
where A is an alkaline earth metal (A= Sr, Ca) and M is a transition metal (M= Mn, Fe, Co, 
Ni, Ti, Cu and Al). A-site dopants are generally acceptor type, they enhance densification 
and improve the electrical conductivity [126 – 130]. These studies showed that calcium and 
strontium doping on the A-site enhance the LaCrO3 sintering by the formation of liquid phase 
(CaCrO4/SrCrO4) which dissolves back into the lattice with increase in temperature. 
Accordingly, LaCrO3 has a relative low density of 50 % at 1450 °C, while (La0.6Ca0.4)1.02CrO3 
is 95 % dense at 1350 °C [131]. B-site dopants also enhance the conductivity but also 
maintain the thermal and crystal structured stability [118].  
2.4.2.3. Performances of dual-phase oxygen transport membranes 
Table 2. 2 gives an extensive list of dual-phase membrane performances investigated in 
literature. Most of the ionic and electronic conductors composing these dual-phase 
membranes have been discussed in the previous sections (2.4.2.1 and 2.4.2.2). The table 
provides the oxygen permeation fluxes permeating through the composite membranes and 
indicates the geometry and the thickness of the membranes as well as the atmosphere and 
the temperatures used during the tests.  
From oxygen permeation fluxes reported in literature (temperature range 700–1000 °C), 
graphs gathering the performances of planar and tubular/capillary dual-phase membranes 
for transporting oxygen were plotted in Figures 2. 7 and 2. 8, respectively. Two parameters 
especially influence the performance of the membranes during a test: (i) the thickness of the 
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dense and selective membrane layer, and (ii) the driving force used through the membrane. 
In order to fairly compare the performances of dual-phase membranes for transporting 
oxygen, these two parameters need to be evaluated separately. Therefore, all dual-phase 
OTMs plotted in Figures 2. 7 and 2. 8 are composed of a dense separation layer of 300 µm 
or thinner and were tested using air as a feed gas and an inert gas as a sweep gas (He, Ar, 
N2 or CO2).  
 
Figure 2. 7: Oxygen permeation flux of various thin (L ≤ 300 µm) planar dual-phase OTMs as a function of the 
temperature. 
As demonstrated by Figures 2. 7 and 2. 8, most of the thin (L ≤ 300 µm) dual-phase OTMs 
reported in literature are planar (15 planar membranes, 6 tubular/hollow fiber membranes). 
In general, ceria-based membranes (solid lines) display higher oxygen permeability than 
zirconia-based membranes (dashed lines). It is a 8 µm thick Ce0.9Gd0.1O2-δ – NiFe2O4 dual-
phase membrane (containing also a 10 µm thick La0.6Sr0.4Co0.2Fe0.8O3-δ dense layer) 
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developed by Gaudillere et al. that present the highest oxygen permeation flux with 3.58 
µmol cm-2 s-1 at 1000 °C in Air/Ar. Among the zirconia-based membranes, the 10Sc1YSZ-
MCO and 10Sc1YSZ-LCCN composites developed in this thesis display the two highest 
oxygen permeability, multiplying by 2 the highest oxygen permeation flux previously reported 
in the literature. 
 
 
Figure 2. 8: Oxygen permeation flux of various thin (L ≤ 300 µm) tubular and capillary dual-phase OTMs as a 
function of the temperature. 
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Table 2. 2: Performance of various dual-phase OTMs investigated in the literature. L corresponds to the thickness of 
the dual-phase membrane. 
 Materials Geom. 
L 
(μm) 
Flux 
(μmol cm-2s-1) 
T 
(oC) 
Atm. 
𝑝𝑂2
𝑓𝑒𝑒𝑑
/𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 
Ref. 
1 Ce0.8Gd0.2O1.9 - La0.7Sr0.3MnO3 Planar 600 0.08 950 
Air/He 
0.21/0.01 
[132] 
2 
Ce0.8Gd0.2O1.9 - La0.7Sr0.3MnO3 
 
Ce0.8Gd0.2O1.9 - 
La0.8Sr0.2Fe0.8Co0.2O3 
Planar 
 
Planar 
1000 
 
1000 
0.040 
 
0.063 
950 
 
950 
Air/He 
0.2/0.01 
Air/He 
0.2/0.01 
[133] 
3 Ce0.9Gd0.1O2-δ - La0.7Sr0.3MnO3-δ Planar 30 1.64 850 Air/He [134] 
4 
Ce0.9Gd0.1O1.95 - Ag -CuO 
 
Ce0.9Gd0.1O1.95 -LaCoO3 
 
Ce0.9Gd0.1O1.95 - La0.6Sr0.4CoO3-δ 
 
Ce0.9Gd0.1O1.95 - La0.6Sr0.4FeO3-δ 
 
Ce0.9Gd0.1O1.95 – 
(La0.6Sr0.4)0.99Co0.2Fe0.8O3-δ 
 
Ce0.9Gd0.1O1.95 –
La0.75Sr0.25Cr0.97V0.03O3-δ 
Planar 
 
Planar 
 
Planar 
 
Planar 
 
Planar 
 
 
Planar 
1000 
 
1000 
 
1000 
 
1000 
 
1000 
 
 
1000 
0.103 
 
0.0742 
 
0.153 
 
0.0926 
 
0.136 
 
 
0.0448 
800 
 
800 
 
800 
 
800 
 
800 
 
 
800 
Air/N2 
 
Air/N2 
 
Air/N2 
 
Air/N2 
 
Air/N2 
 
 
Air/N2 
[135] 
5 Ce0.9Gd0.1O1.95 - La0.6Sr0.4FeO3-δ Planar 100 1.052 900 Air/He [136] 
6 Ce0.75Nd0.25O1.875 - Nd1.8Ce0.2CuO4 Planar 
600 
1030 
1030 
1030 
1030 
0.2 
0.12 
0.07 
0.04 
0.02 
900 
900 
900 
850 
800 
0.1/0.003 
0.1/0.003 
0.1/0.01 
0.1/0.01 
0.1/0.01 
[137] 
7 Ce0.9Nd0.1O2-δ – Nd0.6Sr0.4FeO3-δ Planar 600 0.358 950 Air/CO2 [138] 
8 Ce0.8Sm0.2O2-δ – SrCo0.9Nb0.1O3-δ 
Planar 
Planar 
800 
800 
1.15 
0.388 
950 
950 
Air/He 
Air/CO2 
[139] 
9 
Ce0.8Sm0.2O2-δ – 
Ba0.95La0.05Zr0.1Fe0.5Co0.4O3-δ 
Planar 1000 0.313 925 Air/He [140] 
10 Ce0.8Sm0.2O1.9 - La0.8Sr0.2CrO3 Planar 300 0.14 950 0.21/0.0092 [141] 
11 
Ce0.9Sm0.1O1.95 -MnCo1.5Ni0.5O4 
 
Planar 
Planar 
300 
300 
1.1 
7 
1000 
1000 
Air/He [142] 
 48 Chapter 2: Background 
Ce0.9Sm0.1O1.95 -MnFe2O4 Planar 
Planar 
300 
133 
6 
10 
1000 
1000 
Air/Ar,CH4 
Air/Ar,CH4 
Air/Ar,CH4 
12 Ce0.8Gd0.2O1.9 - Gd0.2Sr0.8FeO3 
Planar 
Planar 
Planar 
Planar 
Planar 
500 
500 
1000 
1000 
500 
0.55 
0.25 
0.3 
0.14 
3.41 
950 
850 
950 
850 
950 
0.21/0.005 
0.21/0.005 
0.21/0.005 
0.21/0.005 
Air/syngas 
[143] 
13 Ce0.85Sm0.15O1.925 - Sm0.6Sr0.4FeO3 
Planar 
Planar 
Planar 
500 
500 
160 
0.340 
2.700 
0.746 
950 
950 
950 
0.21/0.005 
Air/Syngas 
Air/He 
[144] 
 
[75] 
14 
Ce0.85Sm0.15O1.925 - 
Sm0.6Sr0.4Al0.3Fe0.7O3 
Planar 40 2.910 950 Air/He [145] 
15 Ce0.8Sm0.2O1.9 - LaBaCo2O5 Planar 600 0.46 950 0.21/0.005 [146] 
16 Ce0.8Gd0.2O1.9 - CoFe2O4 Planar 
1000 
1000 
0.006 
0.135 
700 
950 
0.21/0.0001 
Air/He 
[147] 
[148] 
17 Ce0.9Sm0.2O1.9 - La0.8Sr0.2CrO3 Tubular 1100 0.86 950 
Air/CO 
0.21/10-15 
[149] 
18 Ce0.8Sm0.2O1.9 - La0.8Sr0.2MnO3 
Capillary 
Capillary 
300 
300 
0.32 
0.3 
950 
950 
Air/He 
Air/CO2 
[150] 
19 CeO2 - La0.2Sr0.8CoO3 Tubular 10 0.007 850 
Air /He 
0.21/0.001 
[151] 
20 Ce0.8Tb0.2O2-δ - NiFe2O4 Planar 680 0.15 1000 Air/CO2 [152] 
21 Ce0.8Sm0.2O2-δ - PrBaCo2O5+δ Planar 600 0.238 925 Air/He [153] 
22 
Ce0.9Gd0.1O1.95 - 
Al0.02Ga0.02Zn0.96O1.02 
Planar 
Planar 
1100 
1100 
0.16 
0.40 
860 
940 
Air/N2 
Air/N2 
[154] 
23 Ce0.8Gd0.2O2-δ - GdBaCo2O5+δ Planar 620 0.21 950 Air/He [155] 
24 Ce0.8Gd0.15Cu0.05O2-δ - SrFeO3-δ 
Planar 
Planar 
500 
500 
0.63 
0.42 
900 
900 
0.9/CO2 
Air/He 
[156] 
25 
Ce0.85Gd0.1Cu0.05O2-δ - 
La0.6Ca0.4FeO3-δ 
Planar 
Planar 
500 
500 
0.52 
0.65 
950 
950 
Air/CO2 
Air/He 
[157] 
26 
Ce0.9Gd0.1O2-δ -
(La0.6Sr0.4)0.98Fe0.02O3-δ 
Tubular 15 0.75 900 0.21/0.01 [158] 
27 Ce0.9Gd0.1O2-δ-(La0.6Sr0.4)0.98FeO3-δ 
Tubular 
Tubular 
10 
10 
1.567 
11.12 
850 
850 
Air/N2 
Air/H2 
[159] 
28 
Ce0.9Gd0.1O2-δ -
La0.6Sr0.4Co0.2Fe0.8O3-δ 
Planar 30 2.69 850 Air/He [160] 
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29 Ce0.8Sm0.2O2-δ - La0.7Ca0.3CrO3-δ Planar 1000 0.11 950 Air/He [161] 
30 
Ce0.9Gd0.1O2-δ - 
SrCo0.8Fe0.1Nb0.1O3-δ 
Planar 
Planar 
1000 
600 
0.36 
0.60 
900 
900 
Air/He 
Air/He 
[162] 
31 Ce0.8Sm0.2O2-δ - SrCO3 - Co3O4 Planar 500 0.694 900 Air/He [163] 
32 Ce0.9Gd0.1O2-δ - Ag 
Planar 
Planar 
1000 
1000 
0.011 
0.13 
700 
700 
Air/Ar 
Air/CH4 
[164] 
33 
Ce0.8Sm0.2O1.9 - 
Y0.8Ca0.2Cr0.8Co0.2O3 
Planar 1300 0.23 950 Air/N2 [165] 
34 
Ce0.8Sm0.2O3-δ - 
Sm0.5Sr0.5Cu0.2Fe0.8O3-δ 
Planar 
Planar 
Planar 
600 
600 
600 
0.754 
0.948 
0.836 
950 
1000 
1000 
Air/He 
Air/He 
Air/CO2 
[166] 
35 
Ce0.8Sm0.2O3-δ - 
Sm0.3Sr0.7Cu0.2Fe0.8O3-δ 
Planar 
Planar 
Planar 
600 
600 
600 
0.776 
1.01 
0.858 
950 
1000 
1000 
Air/He 
Air/He 
Air/CO2 
[166] 
36 Ce0.8Gd0.2O2-δ - FeCo2O4 Planar 1000 0.082 850 Air/Ar [167] 
37 Ce0.8Sm0.2O1.9 - Sm0.8Ca0.2CoO3 
Planar 
Planar 
500 
500 
0.172 
0.119 
950 
950 
Air/He 
Air/CO2 
[168] 
38 Ce0.8Sm0.2O1.9 - Sm0.6Ca0.4CoO3 Planar 500 0.41 950 0.21/0.0066 [169] 
39 Ce0.8Sm0.2O1.9 - Sm0.6Ca0.4FeO3 Planar 500 0.336 950 0.21/0.006 [169] 
40 
Ce0.8Sm0.2O1.9 - 
Sm0.8Ca0.2Mn0.5Co0.5O3 
Planar 
Planar 
Planar 
500 
500 
500 
0.187 
0.254 
0.463 
850 
900 
940 
0.21/0.005 
0.21/0.005 
0.21/0.005 
[170] 
41 Ce0.8Sm0.2O2-δ – La0.9Sr0.1FeO3-δ 
Planar 
Planar 
Planar 
1100 
1100 
1100 
0.642 
0.159 
0.159 
900 
950 
950 
Air/CO 
Air/CO2 
Air/He 
[171] 
42 Ce0.9Pr0.1O2-δ – Pr0.6Sr0.4FeO3-δ 
Planar 
Planar 
600 
600 
0.194 
0.134 
950 
950 
Air/He 
Air/CO2 
[172] 
43 
Ce0.8Gd0.2O2-δ - 
Pr0.6Sr0.4Co0.5Fe0.5O3-δ 
Planar 
Planar 
Planar 
Planar 
500 
500 
1000 
1000 
0.463 
0.351 
0.216 
0.149 
900 
900 
900 
900 
Air/He 
Air/CO2 
Air/He 
Air/CO2 
[173] 
44 
Ce0.8Gd0.2O2-δ - 
Pr0.6Sr0.4Co0.5Fe0.4Nb0.1O3-δ 
Planar 
Planar 
Planar 
Planar 
500 
500 
1000 
1000 
0.336 
0.254 
0.134 
0.112 
900 
900 
900 
900 
Air/He 
Air/CO2 
Air/He 
Air/CO2 
[173] 
45 Ce0.9Pr0.1O2-δ – Mn1.5Co1.5O4-δ 
Planar 
Planar 
300 
300 
0.358 
0.276 
1000 
950 
Air/CO2 
Air/CO2 
[174] 
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Planar 
Planar 
500 
500 
0.164 
0.149 
1000 
1000 
Air/He 
Air/CO2 
46 
Ce0.9Gd0.1O2-δ – 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
Planar 500 0.5 950 Air/CO2 [175] 
47 Ce0.9Gd0.1O2-δ – NiFe2O4 
Planar 
Planar 
500 
500 
0.19 
0.16 
950 
950 
Air/He 
Air/CO2 
[176] 
48 
La0.6Sr0.4Co0.2Fe0.8O3-δ + 
Ce0.9Gd0.1O2-δ – NiFe2O4 
Planar 
10 + 
8 
3.582 1000 Air/Ar [177] 
49 Ce0.9Gd0.1O2-δ – Fe2O3 Planar 500 0.20 1000 Air/CO2 [178] 
50 Ce0.9Gd0.1O2-δ – MnFe2O4 
Planar 
Planar 
1000 
250 
2.68 
13.4 
1000 
1000 
Air/Ar+5 % H2 
Air/Ar+10 % 
CH4 
[179] 
51 Ce0.8Gd0.1Pr0.1O2-δ – CoFe2O4 
Capillary 
Capillary 
Capillary 
Capillary 
200 
200 
200 
200 
0.209 
0.440 
0.657 
0.299 
900 
950 
1000 
950 
Air/He 
Air/He 
Air/He 
Air/CO2 
[180] 
52 
(ZrO2)0.92(Y2O3)0.08 – Pd 
(ZrO2)0.92(Y2O3)0.08 – Pt 
(ZrO2)0.92(Y2O3)0.08 – Boron doped 
MgLaCrOλ 
(ZrO2)0.92(Y2O3)0.08 – In0.9Pr0.1 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
800 
800 
800 
800 
300 
250 
2.1 
1.8 
0.4 
2.3 
5.5 
6.1 
1100 
1100 
1100 
1100 
1100 
1100 
Air/H2 
Air/H2 
Air/H2 
Air/H2 
Air/H2 
Air/H2 
[181] 
53 
Zr0.8Y0.2O2-δ - La0.8Sr0.2Cr0.5Fe0.5O3-
δ 
Planar 
Planar 
Planar 
120 
120 
120 
0.045 
0.131 
0.896 
900 
900 
900 
Air/Ar 
Air/H2 
Air/CO 
[182] 
54 
(ZrO2)0.92(Y2O3)0.08 -SrCo0.4Fe0.6O3-
δ 
Planar 
Planar 
1200 
2000 
0.597 
0.269 
750 
850 
0.21/0.001 
0.21/0.001 
[183] 
55 Zr0.84Y0.16O1.92 – La0.8Sr0.2MnO3-δ 
Planar 
Capillary 
150 
160 
0.190 
0.210 
900 
950 
0.21/0.002 
Air/He 
[184] 
[79] 
56 
(ZrO2)0.92(Y2O3)0.08 -La0.7Sr0.3MnO3-
δ 
Planar 
Planar 
Planar 
100 
100 
100 
0.194 
0.336 
0.403 
850 
900 
950 
Air/He 
Air/He 
Air/He 
[185] 
57 
Zr0.84Y0.16O1.92 – 
La0.8Sr0.2Cr0.5Fe0.5O3-δ 
Capillary 
Capillary 
270 
270 
0.496 
3.370 
950 
950 
Air/He 
Air/CO 
[186] 
58 Zr0.8Y0.2O1.9 – La0.8Sr0.2CrO3-δ 
Tubular 
Tubular 
1230 
1230 
0.0092 
0.032 
950 
930 
Air/He 
Air/He-CO (80-
20 %) 
[71] 
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59 
(ZrO2)0.92(Y2O3)0.08 – 
La0.8Sr0.2CrO3-δ 
Planar 
Planar 
115 
115 
0.910 
1.120 
750 
850 
Air/CO 
Air/CO 
[187] 
60 
Sc0.198Ce0.012Zr0.789O1.90 – 
(La0.8Sr0.2)0.95Cr0.5Fe0.5O3-δ 
Planar 
Planar 
Planar 
20 
200 
300 
2.640 
0.552 
0.396 
900 
900 
900 
Air/H2 
Air/H2 
Air/H2 
[188] 
61 
Zr0.802Sc0.18Y0.018O1.901-
(La0.8Sr0.2)0.98MnO3-δ 
Tubular 
20-
30 
0.664 900 Air/H2-CO [189] 
62 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 – 
MnCo2O4 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
Planar 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
0.216 
0.366 
0.619 
0.940 
1.052 
0.291 
0.321 
0.388 
0.493 
0.604 
750 
800 
850 
900 
940 
750 
800 
850 
900 
940 
Air/N2 
Air/N2 
Air/N2 
Air/N2 
Air/N2 
Air/CO2 
Air/CO2 
Air/CO2 
Air/CO2 
Air/CO2 
[190] 
63 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 – 
Zn0.98Al0.02O1.01 
Planar 
Planar 
1000 
8 
0.246 
0.119 
925 
925 
Air/N2 
Air/N2 
[191] 
64 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 – 
LaCr0.85Cu0.10Ni0.05O3-δ 
Planar 
Planar 
Planar 
Planar 
1000 
1000 
110 
110 
0.198 
0.183 
0.762 
0,743 
950 
950 
950 
950 
Air/N2 
Air/CO2 
Air/N2 
Air/CO2 
This 
work 
65 
(La0.9Sr0.1)0.98Ga0.8Mg0.2O3-δ – 
La2Ni0.8Cu0.2O4+δ 
Planar 
Planar 
650 
1000 
0.027 
0.017 
900 
900 
0.21/0.013 
0.21/0.013 
[192] 
66 Bi1.5Y0.3Sm0.2O3 – La0.8Sr0.2MnO3-δ 
Capillary 
Capillary 
290 
290 
0.39 
0.013 
850 
650 
Air/He 
Air/He 
[193] 
67 
La0.15Sr0.85Ga0.3Fe0.7O3-δ – 
Ba0.5Sr0.5Fe0.2Cr0.8O3-δ 
Planar 1990 0.352 915 Air/He [77] 
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Chapter 3: Objectives and content of the thesis 
The main objective of this thesis was to develop highly efficient and chemically stable oxygen 
transport membranes for direct integration in oxy-fuel combustion power plants, which 
entails that the permeating oxygen is swept and directly diluted using recirculated flue gas. 
To succeed, several challenges had to be studied and solved:  
 
1) Identification of suitable materials: The manufacturing concept of stable and highly 
permeating oxygen transport membranes is based on the development of thin dense 
dual-phase membranes. These thin layers, applied on a porous support, open up the 
possibility of minimizing solid state diffusion barriers. The infiltration of nano-sized 
catalytic coatings in the porous support creates catalytic surface activation layers to 
overcome slow surface exchange/reaction kinetics. Materials fulfilling all the required 
proprieties for the development of these asymmetric membranes had to be identified. 
The required properties were, among others, the chemical, thermal and mechanical 
stability under realistic power plant conditions (applicable to all layers), high ionic and 
electronic conductivities (selective membrane layer), good mechanical strength 
(porous support), no reactivity between the materials (all layers), and compatible 
thermal expansion coefficients (all layers). As a result of an initial literature study, 
three dual-phase composites were studied in parallel as dense selective membrane: 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-MnCo2O4 (sub-chapters 5.1. and 5.2.), 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 (sub-chapter 5.3.) and 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ (sub-chapters 5.4. and 5.5.). 
The porous support was, in all cases made of 3YSZ, while several catalytic porous 
backbone materials were studied depending on the dual-phase membrane used 
(8YSZ, 10ScYSZ-MnCo2O4, Ce0.8Tb0.2O2-δ (CTO)-NiFe2O4 (NFO) and 10ScYSZ- 
LaCr0.85Cu0.10Ni0.05O3-δ). 
2) Development of planar asymmetric membranes: In practice, the approach entails the 
parallel development of all layers: stable porous supports, thin dense dual-phase 
membrane layers, porous catalytic backbones and meso-porous nano-particulate 
catalytic coatings. All layers were produced separately by tape-casting. The 
asymmetric membranes were assembled by lamination. Adapted co-sintering cycles 
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were used to achieve thin dense membrane layers supported on mechanically strong 
porous supports. Catalytic surface activation was performed by infiltrations of 
aqueous catalytic solutions into the porous backbones. During these steps, several 
issues were encountered (e.g. unfavorable shrinkage behavior between layers, 
instability of materials or diffusion of elements during sintering, unsuccessful catalyst 
infiltrations in the porous layers due to unsuitable pore size or pore connectivity, etc.) 
making the development of the membranes challenging. 
3) Membrane testing: As proof of concept, the planar developed membranes were 
tested under idealized conditions (air (feed gas)/N2 (sweep gas)) and under realistic 
power plant conditions (air (feed gas)/250 ppm of SO2, 3 vol.% H2O, 5 vol.% O2 
balanced by CO2 (sweep gas)). Short tests (few days) were performed to obtain the 
performances of the membranes between 750 °C and 950 °C, while long-term tests 
(250 h-1700 h) were carried out at 850 °C to verify the stability of the membranes 
under harsh conditions (CO2, or CO2 + SO2 + H2O (sweep gas)).  
This thesis consists of 6 chapters, which are briefly described below. 
Chapter 1 gives a general introduction on oxygen transport membranes (OTMs) in the 
context of carbon capture and storage (CCS) and utilization (CCU). 
Chapter 2 summarizes the background on oxygen transport membranes. The chapter 
explains the operating process of OTMs (sub-chapter 2.1.) and summarizes the transport 
mechanism of oxygen ions through the membranes (sub-chapter 2.2.). Additionally, an 
overview of the typical membrane geometries is presented (sub-chapter 2.3.) and a brief 
literature review on membrane materials (single + dual-phase membranes) is done (sub-
chapter 2.4.). 
Chapter 3 describes the objectives of the thesis and its content. 
Chapter 4 presents the fabrication and characterization techniques used in this study. It 
gives a general description of the shaping techniques used: tape-casting, lamination, de-
binding and sintering, and catalyst activation of porous structures (sub-chapter 4.1.). 
Microstructural and electrochemical characterization techniques performed on the raw 
materials and assembled membranes are presented (sub-chapter 4.2.). Finally, the 
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experimental set-ups used for oxygen permeation measurements and the corresponding 
calculations to obtain the oxygen flux permeating through the membranes are detailed (sub-
chapter 4.3.).  
Chapter 5 is the results and discussion part of this thesis. It deals with the development and 
characterizations of the oxygen transport membranes studied during the thesis. This chapter 
is based on four publications which are treated individually in separate sub-chapters (sub-
chapters 5.1. to 5.4.), and a section of unpublished results obtained on the development 
and tests of supported (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen 
transport membranes (sub-chapter 5.5.). The contents of the sub-chapters are detailed 
below.  
Sub-chapter 5.1. contains the manuscript “Oxygen permeation flux through 10Sc1YSZ-
MnCo2O4 asymmetric membranes prepared by a two-step sintering” published in Fuel 
Processing Technology (2016). This manuscript describes the development and 
performances of thin (7 µm) (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 – MnCo2O4 dual-phase 
membranes supported on zirconia porous structures. The composite membranes were 
prepared by tape-casting, lamination, and fired in a two-step sintering process, and then 
characterized with respect to sinterability, microstructure and oxygen transport properties. 
Sub-chapter 5.2. presents the manuscript “Improving performance of oxygen transport 
membranes in simulated oxy-fuel power plant conditions by catalytic surface enhancement”. 
This study investigates the stability of dual-phase oxygen transport membranes consisting 
of 70 vol.% (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 and 30 vol.% MnCo2O4 and the influence of 
catalytic porous backbones on their performance in a simulated oxy-fuel power plant flue-
gas atmosphere (SO2, H2O, CO2). The stability of a 7 µm thick asymmetric membrane was 
evaluated by a long-term test (170 h) performed in simulated oxy-fuel power plant flue-gas 
(250 ppm SO2 + 5 % O2 + 3 % H2O balanced in CO2). Aiming to achieve a better 
understanding of oxygen surface reactions (especially in oxy-fuel conditions), five catalytic 
porous backbone materials—(i) (Y2O3)0.08(ZrO2)0.92 (8YSZ), (ii) 8YSZ-MCO (40-60 vol.%), 
(iii) 10Sc1YSZ-MCO (40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) Ce0.8Tb0.2O2-
δ (CTO)-NiFe2O4 (NFO) (40-60 vol.%)—were prepared and characterized by 
electrochemical impedance spectroscopy (EIS). Finally, oxygen permeation measurements 
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were performed on 0.5 mm thick 10Sc1YSZ-MCO membranes coated with (i) 8YSZ, (ii) 
10Sc1YSZ-MCO and (iii) CTO-NFO activated porous backbones to investigate the influence 
of the backbones on the performance of the membrane under clean conditions (sweep gas: 
Ar) and oxy-fuel conditions (sweep gas: SO2 + CO2 + Ar). 
Sub-chapter 5.3. includes the manuscript “Stability and performance of robust dual-phase 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 oxygen transport membranes” published in 
the Journal of Membrane Science (2017). The study presents development and 
characterizations of 50 vol.% Al0.02Zn0.98O1.01 and 50 vol.% (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 
dual phase composite oxygen transport membranes. The stability of the composite 
membrane in gas streams containing CO2, SO2 and H2O was investigated in order to verify 
the applicability of the membrane in oxy-fuel power plant schemes involving direct exposure 
to flue gas. Additionally, long-term electrical conductivity measurements (900 h) and oxygen 
permeation tests were performed to demonstrate the potential of the composite material as 
oxygen transport membrane. 
Sub-chapter 5.4. contains the manuscript “Performances and stability of 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes under 
conditions relevant for oxy-fuel combustion”. This article presents the development and 
characterization of self-standing dual-phase oxygen transport membranes consisting of 70 
vol.% of (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) and 30 vol.% of LaCr0.85Cu0.10Ni0.05O3-δ 
(LCCN). The stability of the composite membrane was studied in conditions relevant for oxy-
fuel combustion (CO2, SO2, H2O). X-ray diffraction (XRD), X-ray fluorescence (XRF), 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), Raman 
spectroscopy and scanning electronic microscopy with energy dispersive X-ray 
spectroscopy (SEM-EDX) were used to characterize the material after exposure to the 
gases. Oxygen permeation fluxes across 1000 µm thick and 110 µm thick self-supported 
10Sc1YSZ-LCCN (70-30 vol.%) membranes were measured from 700 °C to 950 °C using 
air as the feed gas and N2 or CO2 as the sweep gas. Tests were performed to study the 
influence of (i) the thickness, (ii) the catalyst layer and (iii) the operation time, on the 
performances of the membrane. 
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Sub-chapter 5.5. presents a brief overview of unpublished results and the main challenges 
related to the development of supported thin (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-
LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes. Supported 10Sc1YSZ-LCCN 
membranes were developed using two architectures (symmetric and asymmetric supported 
membranes). After de-binding and sintering processes fully dense membrane layers were 
obtained however the porous support structures were too dense to allow ideal gases 
diffusion and ideal catalyst infiltrations. Despite the imperfect microstructure, a 10Sc1YSZ-
LCCN (70-30 vol.%) symmetrical supported membrane was characterized by oxygen 
permeation measurement. Perfectible fluxes of 1.11 mLN cm-2 min-1 and 2.32 mLN cm-2 min-
1 were obtained at 950 °C in air/N2 and O2/N2, respectively. 
Chapter 6 contains the conclusion and outlook. 
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Chapter 4: Fabrication and characterization of oxygen 
transport membranes 
In this work, a fabrication process for planar, asymmetric dual-phase OTMs was developed. 
The composite membranes were prepared by tape-casting, lamination and co-firing. Porous 
supports, porous catalytic backbones and dense selective layers were developed separately 
by tape-casting. Lamination was used to join the green cast tapes into asymmetric multilayer 
membranes. Sintering cycles were optimized to achieve thin dense membrane layers 
supported on mechanically strong porous supports. The membranes were activated by 
infiltration of aqueous catalyst solutions into the porous backbone layers. Careful adjustment 
of processing parameters in each of these shaping techniques (tape-casting, lamination, 
sintering process, catalyst infiltrations) are required to establish a well-controlled fabrication 
process for defect free membranes.  
On the margins of the membrane fabrication, microstructural and electrochemical 
characterizations are important and necessary steps to lead the material development and 
component manufacturing of electrochemical devices. During this study, microstructural and 
electrochemical characterization techniques were used to ensure that the properties of the 
selected materials and of the developed membranes were suitable to reach the targeted 
performance of the membranes.  
In this chapter, details about the used shaping techniques: tape-casting, lamination, de-
binding and sintering processes, and catalyst activation of porous structures; are described 
(sub-chapter 4.1.). Microstructural (X-ray diffraction [XRD], particle size distribution [PSD], 
specific surface area analysis [BET], scanning electron microscopy [SEM], density 
measurements, dilatometry) and electrochemical (electrical conductivity measurements, 
electrochemical impedance spectroscopy, oxygen permeation measurements) 
characterization techniques performed on the raw materials and assembled membranes are 
presented (sub-chapter 4.2.). Finally, the experimental set-ups used for oxygen permeation 
measurements and the corresponding calculations to obtain the oxygen flux permeating 
through the membranes are detailed (sub-chapter 4.3.). 
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4.1. Fabrication of oxygen transport membranes 
Planar green ceramic structures can be developed via several shaping techniques such as 
printing, extrusion, coating, dry pressing, etc., which can be divided into three groups 
depending on the amount of solvent in the feedstock [1]: (i) wet forming techniques: 
techniques containing the largest amount of solvent where the use of slurries, slips or pastes 
are required (casting techniques, coating, printing), (ii) plastic forming techniques: 
techniques using high pressure to make the feedstock plastic and adopt the shape of the 
mould (extrusion, injection moulding, roll compaction), and (iii) dry forming techniques, 
techniques not using solvent (dry pressing, calendaring). Generally, the plastic and dry 
techniques are used to produce planar ceramic structures from 100 to 5000 µm thick. For 
the development of high-performance OTMs, a selective thin membrane layer should be 
produced (thickness range of 5-30 µm was aimed), which requires the use of a wet shaping 
technique such as flatbed screen printing, dip coating, soft lithography, slot-die-coating and 
tape-casting [2, 3]. Among these techniques, tape-casting presents the advantages of being 
a well-established and relatively simple technique with a low-implementation cost to produce 
planar ceramic sheets with a large area, good surface quality and controlled microstructures. 
Moreover, flat ceramic sheets with a wide range of possible porosities (from highly porous 
to completely dense) and sintered thicknesses (5 to 1500 µm) can be prepared from flexible 
and sizable green tapes. Considering these advantages, tape-casting was selected as 
fabrication method to develop the different planar layers of porous support, porous catalytic 
backbone, and dense dual-phase membrane layer.  
4.1.1. Tape-casting 
4.1.1.1. Tape-casting process 
In tape-casting, the first step is the preparation of a uniform and homogeneous starting 
suspension (called slurry). The raw powders need to be mixed with some organic additives 
(dispersants, binders and plasticisers) in order to obtain a colloidal dispersion with high 
homogeneity and stability which can be shaped in a green tape with adequate strength and 
flexibility for further processing steps. The next sub-section (4.1.1.2.) gives more details on 
the slurry preparation process. When the slurry preparation is done, the suspension is 
poured into a tape-caster reservoir with a polymer carrier film underneath. As illustrated in 
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Figure 4. 1, the tape is formed when the slurry flows beneath the blade(s) of a doctor blade, 
forming a thin tape on the polymer carrier film. During this study, all tapes were prepared 
using a dual blade system. Such a system helps to control the hydrodynamic forces behind 
the casting blade. The thickness of the tape varies directly with the height of the gap between 
the blade(s) and the polymer carrier film, the speed of the carrier film and the drying 
shrinkage. It is important that the tape dries in a controlled atmosphere (ventilated chamber) 
in order to avoid defects formation during the drying step. When the tape is completely dry, 
it can finally be removed from the polymer carrier film and can be further processed. High 
control of each step in the process (slurry preparation, the casting process, the drying 
process) is very important to achieve a ceramic material with the required geometry and 
properties [4]. 
 
Figure 4. 1: Schematic of the tape-casting process. 
4.1.1.2. Slurry preparation 
In this section, the role of slurry components (powders, solvents, dispersants, binders and 
plasticisers) is explained, and more details are given on the overall slurry preparation. More 
details on specific formulations can be found in the articles included in Chapter 5. Moreover, 
Table 4. 1 gives an example of a slurry formulation used for the development of the different 
layers of (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) – MnCo2O4 (MCO) dual-phase 
asymmetric OTMs, presented in sub-chapter 5.1.. 
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Table 4. 1: Slurry formulation used for the development of the different layers of (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 
(10Sc1YSZ) – MnCo2O4 (MCO) dual-phase asymmetric OTMs (in vol.%). 
OTM layers Powders  Dispersant 
Binder/plasticizer 
system  
Solvent 
Porous 
support 
3YSZ + 20 vol.% Al2O3: 7.6 
Graphite: 6.4 
PMMA: 5.3 
PVP: 1.6 PVB, Pycal: 47.9 Ethanol: 31.2 
Activation 
layer 
8YSZ: 4.8 
PMMA: 12.3 
PVP: 1.1 PVB, Pycal: 44.4 Ethanol: 37.4 
Dense 
membrane 
10Sc1YSZ-MCO (70-30 
vol.%): 11.9 
PVP: 2.4 PVB, Pycal: 37.9 Ethanol: 47.8 
3YSZ: (Y2O3)0.03(ZrO2)0.97 
PMMA: Poly(methyl methacrylate) (C5O2H8)n 
8YSZ: (Y2O3)0.08(ZrO2)0.92 
10Sc1YSZ-MCO: (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - MnCo2O4 
PVP: Polyvinylpyrrolidone (C6H9NO)n 
PVB: Polyvinyl butyral (C8H14O2)n 
 The powders 
The powder is obviously the main ingredient of the slurry. Additives in the tape-casting 
process are only used to hold the powder particles together in order to produce a sintered 
layer with appropriate size, shape and properties. Afterwards, during the sintering step they 
are burnt. Therefore, it is crucial to characterize the powder in terms of average particle size 
distribution, surface area and purity before and during the slurry preparation. 
The characterization of the surface area is essential because the total powder area is 
proportional to the amount of organic additives (dispersants, binders, plasticisers) that need 
to be added to the slurry to provide the proper dispersing or binding. The surface area of 
raw powders used for the development of the membranes was controlled by BET analysis 
(characterization technique detailed in section 4.2.1.) and was aimed to be approximately 
10 m2 g-1. The particle size is also an important factor, and it is closely related to the surface 
area. Indeed, smaller is the particle size, higher is the surface area of the powder. 
Consequently, small particles need a higher concentration of organic additives compared to 
big particles. The particle size also affects significantly the shrinkage since small particles 
have a high surface energy that induces a high driving force leading to higher shrinkage 
during sintering. Therefore, using a wide range of particle sizes can affect the homogenous 
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sinterability of the tape. The final microstructure of a sintered green tape depends also on 
the shape and size distribution of the particles since the packing structure is directly related 
to them [5]. Submicron particle size powders (d90 < 1 µm, d50 < 0.3 µm) were used to develop 
the different membrane layers. For the preparation of porous tapes, it is especially important 
to selected pore-former materials considering the shape and size of their particles in order 
to obtain a tape with sufficient open-porosity (median particle sizes up to 7 µm were used 
for pore-former materials).  
 The solvents 
The main role of the solvent is to dissolve the organic additives added to the slurry 
(dispersants, binders and plasticisers), without reacting with the powders. During the drying 
step of the tape, it is important that the solvent evaporates quickly in order to avoid defect 
formation [4]. However, too fast drying leads to the formation of a skin at the top of the tape 
and can also induce defects like cracks [4]. The desired thickness of the tape can play a role 
in the selection of the solvent since thick tapes need more time to dry. Consequently, a 
solvent with a higher volatility can be used for the development of thick tapes. Several 
studies used a mixture of solvents to have a better control of the rheological properties and 
of the drying speed especially [6 – 11]. Thus, varying the ratio of two solvents which have 
different volatility properties allow keeping the same drying time while changing the 
thickness of the tape. Nevertheless, in order to avoid differential volatilization only azeotropic 
mixtures evaporating as a single liquid must be used [4]. The use of multiple solvents in 
slurry formulations allows for the increase of their ability to dissolve all the organic additives. 
The most widely applied organic solvents in tape-casting are alcohols, ketones and 
hydrocarbons. They exhibit low boiling point, high vapour pressure and low heat vaporization 
and therefore require less energy during drying. 
 The dispersants 
Dispersants are organic additives used to increase the homogeneity of the tapes by keeping 
particles apart, thanks to steric and/or electrostatic repulsions. Both mechanisms have been 
discussed in the literature [12, 13]. Acids absorbed on the surface of the particles and later 
dissociated create a charge on the particle surface, which confers the electrostatic 
repulsions inhibiting the agglomeration of particles. The steric repulsion mechanism consists 
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of long-chain polymers absorbed onto the particle surface that act as spacers between the 
particles of the raw materials [12]. A third mechanism, referred to electrosteric stabilization 
is a combination of both steric and electrostatic repulsion [13]. 
 The binders 
Binders provide the network that maintains the entire chemical system together by creating 
long-chain polymers during drying. In tape-casting and the processing steps that follow, the 
binder must provide compatibility with the system in terms of solubility, slurry viscosity, green 
strength of tapes, burnout temperature and glass transition temperature (Tg) during firing [4, 
14]. By the specific characteristics of the polymers used as binders (chemistry, molecular 
weight, chain length) the rheology of tape-casted slurries, green tape strength and debinding 
profile can be influenced [14]. Typically, in tape-casting cellulose derivates, polyvinyls and 
polyacrylates are used [14]. 
 
 The plasticisers 
Plasticisers are added to the slurry to confer sufficient flexibility on the green tape by 
breaking the close alignment and bonding of the binder molecules and/or by avoiding 
frictions in between the polymer chains. Commonly, plasticisers can be classified into two 
groups, depending on their working mechanisms, to plasticize a green tapes:  
(1) Type I plasticisers, called glass transition temperature (Tg) modifiers or binder 
solvents [15], are organic additives that soften the polymer chains between the 
particles, allowing more flexibility. They act by shortening the polymer chain lengths 
or by partially dissolving them. In fact, they have a very similar role to the solvents’ 
but possess lower volatility. They can be considered as slow-drying solvents. 
(2) Type II plasticisers allow avoiding frictions in between the polymer chains, which also 
lead to a higher flexibility of the green tapes. During the drying step, they can help to 
prevent cracking by decreasing the yield stress of the green bodies. Nevertheless, 
their mechanism has for consequence to decrease the strength of the tapes by 
reducing the van der Waals bonding between adjacent chains [16]. 
 
Slurries containing a too low amount of plasticisers will produce rigid and easily breakable 
green tapes while too high amounts of plasticiser will reduce the strength of the tape (too 
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much bonding of the binder molecules broken). Therefore, it is necessary to use the most 
advantageous ratio of plasticisers/binders in order to obtain the optimum flexibility and 
strength for the green tapes. 
The most common plasticisers are phthalate (plasticisers type I: BBP, DBP, etc.) and glycol 
(plasticisers type II: glycerol, PEG, PPG, etc.) derivates. 
 
 Slurry processing 
 
The order in which all the components of the slurry are mixed is very important. The first 
step of the slurry preparation consists to efficiently deagglomerate the material(s) by milling 
the powder(s) with solvent(s) and dispersant(s). This dispersion step is essential to obtain 
homogeneous and high-quality surface tapes as well as uniform shrinkage during sintering. 
Several milling equipment can be used such as ball-mills or planetary mills. The dispersion 
time can vary from few hours to 72 h, depending on the agglomerates and the quantity of 
powder(s). During a second step, the plasticiser/binder system is added to the slurry. The 
slurry is mixed until the binder is completely dissolved (usually around 24 h) using a low 
milling speed to avoid degradation of the high molecular weight binder molecules. Before 
casting, the slurry is sieved to remove any coarse inhomogeneity and de-aired in a closed 
container under vacuum to remove dissolved gas in the slurry. Tape’s viscosity is checked 
to ensure that the solvent loss is controlled and the viscosity is suitable for tape casting. If 
the viscosity is too high, solvent(s) can be added to the slurry. On the other hand, if the 
viscosity is too low, part of the solvent(s) can be evaporated by using a vacuum.  
4.1.2. Lamination 
Lamination is a frequently used technique to manufacture ceramic multilayer devices like 
OTMs [17 – 23]. The technique consists of joining the binder phases of two adjacent green 
tapes together. This can be done using heat, pressure or both. The most common process, 
the so-called thermo-compression lamination, combines elevated temperature (up to 70 °C) 
and pressure (up to 30 MPa) [1]. Temperature, pressure and dwell time are the three main 
parameters of this method [24]. 
More details on the lamination procedure used for the fabrication of each developed 
membrane can be found in Chapter 5. 
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4.1.3. De-binding and sintering 
4.1.3.1. De-binding 
The term de-binding refers to the removal of the binder(s) and the other organic additives 
(dispersant[s] and plasticiser[s]) from the green tapes. Several methods such as solvent de-
binding [25 – 27] or catalytic de-binding [25] can be used. Nevertheless, the thermal 
decomposition (thermal de-binding) is by far the most used method for de-binding. In this 
case, the organics are removed as vapour by heating, with emission of carbon and carbon 
monoxide. The removal of the organics is physically controlled by heat transfer into the 
membranes and mass transport of the decomposition products out of the membranes. The 
de-binding process by thermal decomposition can be roughly divided into three steps: (1) 
initial heating of the binder until it softens at its Tg (around 100 °C), (2) removal of the molten 
binder by evaporation (temperature range 200 – 400 °C), and (3) further removal of the 
binder remaining in the tape at temperature above 400 °C. Thermal de-binding cycles are 
usually performed till a maximum temperature of 600 – 700 °C. The molecular weight and 
melting point of the organic additives present in the tapes have to be considered to 
determine the de-binding step. Temperature steps (dwell) and/or slow heating ramps (< 1 
°C min-1) are commonly used during the de-binding step to avoid the creation and 
propagation of defects while organic removal takes place. Thermogravimetric analyses can 
be performed on the tapes to determine precisely the temperatures at which organic additive 
removal occurs.  
More specific details on the de-binding cycles used to develop the membranes can be found 
in Chapter 5. 
4.1.3.2. Sintering 
Sintering is the process to convert the dried, de-binded tape into a continuous polycrystalline 
body by heat treatment. Basically in this process, the powder particles are joined together 
into a mechanically stable ceramic body by a densification process. It is a crucial step in the 
development of OTMs, the properties of ceramic material being modified through sintering 
to give the product its final characteristics. The overall process can be divided into three 
main stages:  
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- During the initial stage the surface roughness is decreased and the particles start to adhere 
and grow together. This stage would begin as soon as some degree of atomic mobility is 
achieved and end when grain growth begins to occur. Almost no shrinkage is observable 
during the initial stage (typically 0 – 5 % [28]). 
- During the intermediate stage further neck growth occurs and the cross-structural area of 
the pore phase decreases. 
- During the final stage the remaining channel-like pores break down into isolated, closed 
pores. This stage begins when the body achieves 90 – 95 % of theoretical density. 
Difficulties are commonly encountered to remove the last few percent of porosity because 
of differential grain growth between large and small grains. 
Figure 4. 2 presents the main stages of the sintering process. 
It is commonly admitted that six different sintering mechanisms, illustrated in Figure 4. 3, are 
involved for the densification of a green body. They can be described as below: 
1. surface diffusion: diffusion of atoms along the surface of a particle 
2. lattice diffusion (from the surface): diffusion of atoms from the surface through the lattice 
3. vapour transport: evaporation of atoms that condense on a different surface 
4. grain boundary diffusion: diffusion of atoms along the grain boundary 
5. lattice diffusion (from the grain boundary): diffusion of atoms from the grain boundary 
through the lattice 
6. plastic flow: dislocation motion causes flow of matter 
If all of them lead to bonding and growth of necks between particles, increasing therefore 
the strength of the body, only the mechanisms 4, 5, and 6 densify the ceramic material 
(densifying mechanisms). Indeed, the three first mechanisms produce microstructural 
changes without causing shrinkage (non-densifying mechanisms). They take atoms from 
the surface and rearrange them onto another surface or part of the same surface. On the 
other hand, the three last mechanisms remove material from the grain boundary/bulk 
regions to the surface of the pores, thereby eliminating porosity and increasing the density 
of the material. It is particularly important to distinguish between densifying and non-
densifying mechanisms, considering the final microstructure which is desired (porous or 
dense samples). Several parameters can influence the competition that the sintering 
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involves between these two categories of mechanisms. For example, green body with large 
pores and small grains will lead to a porous microstructure, while higher temperatures and/or 
compact green bodies will promote dense final product [16]. 
The manufacturing of dense dual-phase membranes, possessing different sintering 
properties, supported on highly porous layers was an important challenge of this study. An 
adaptation of the sintering step (heating ramps, temperatures, atmospheres) was necessary 
for each different materials used. Chapter 5, which deals with the results and discussion of 
the study, will describe in every single case how the sintering step was handled.  
 
Figure 4. 2: Illustration of the main stages of the sintering process. (a) Loose powder before sintering, (b) initial 
stage, (c) intermediate stage and (d) final stage. Figure taken from [29]. 
 
Figure 4. 3: Schematic representation of the sintering mechanisms for a system of two particles. Figure taken from 
[28]. 
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4.1.4. Catalyst activation of porous structures 
As explained in section 2.2 dealing with the transport of oxygen through asymmetric 
membranes, the oxygen flux produced by a membrane is in direct proportion to its thickness. 
In the case of asymmetric membranes, the thin selective layer gives the advantage of 
minimizing the resistance arising from bulk diffusion. Consequently, additional mechanisms 
such as (i) catalytic surface exchange and (ii) gaseous transport become limiting factors of 
the oxygen separation [30]. Moreover, regarding dual-phase membranes, the existence of 
two phases gives an important influence of the grain boundary between them, since it can 
either promote or block the transport of ionic and electronic species across the membrane. 
Therefore, a large catalytic activity toward surface oxygen exchange is required. In order to 
improve the oxygen flux further on the surfaces, the surface exchange kinetics have to be 
enhanced on both sides of the dense membrane layer. It was demonstrated that very high 
catalytic activity can be prepared by infiltration of electro-catalytic materials into porous ionic 
conducting backbone structures [31, 32]. For example, Figueiredo et al. proved that an 
increase of the surface area of CaTi0.8Fe0.2O3-δ membranes by screen-printing porous layers 
of the same material (covered on both sides and impregnated with a silver nitrate solution) 
leads to an enhancement of the oxygen permeation flux by a factor of 1.70 [33]. A recent 
study on thin La0.8Sr0.2Cr0.5Fe0.5O3-δ-Zr0.84Y0.16O2-δ (LSCr-YSZ) dual-phase membranes also 
demonstrated that the application of activated porous structures (here LSCr-YSZ 
impregnated with mixed nitrate solutions of Ni(NO3)2, Sm(NO3)3 and Ce(NO3)3) around the 
selective membrane layer improve by one order of magnitude the oxygen permeability 
compared to a bare membrane [34]. 
More details on the development and the catalytic activation of the porous backbones can 
be found in Chapter 5. 
4.2. Characterization of oxygen transport membranes 
4.2.1. Characterization of raw powders 
 X-Ray diffraction 
X-ray diffraction (XRD) analyses were performed to determine the structure and crystallinity 
of in-house synthesized materials (e.g. LaCr0.85Cu0.10Ni0.05O3-δ) and to control the stability of 
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the membranes after the sintering process and stability tests. When all peaks in the 
experimental diffraction patterns can be identified using inventoried references (JCPDS 
patterns), the phases are considered pure. 
In this study, two different diffractometers were used: 
- 10ScYSZ-MCO membranes (results presented sub-chapter 5.2.) were analysed using a 
PANalytical Cubix fast diffractometer equipped with a CuKα1 radiation (λ = 1.5406 Å) and a 
X’Celerator detector in Bragg−Brentano geometry. XRD patterns recorded in the 2Ɵ-range 
of 10-90° were analyzed using X’Pert Highscore Plus software.  
- 10Sc1YSZ-AZO and 10Sc1YSZ-LCCN membranes (results presented sub-chapter 5.3. 
and 5.4.) were analysed using a PANalytical diffractometer equipped with a Ni-filtered Cu 
Kα radiation (40 mA, 45 kV) over a 2Ɵ-range of 5-80º and a position-sensitive detector using 
a step size of 0.05º and a step time of 120 s. The XRD patterns were processed using the 
X’Pert Highscore Plus software to identify the species present in the samples. 
 Particle size distribution analysis 
The particle size distribution (PSD) of the raw materials was determined during the slurry 
preparation for tape-casting since this parameter as an important influence on the final 
microstructure of the membranes. A method based on laser diffraction was used for this 
purpose. Laser diffraction measures particle size distributions by measuring the angular 
variation in the intensity of light scattered as a laser beam passes through a dispersed 
particulate sample. Large particles scatter light at small angles relative to the laser beam 
and small particles scatter light at large angles. The angular scattering intensity data is then 
analysed to calculate the size of the particles responsible for creating the scattering pattern. 
The particle size is reported as a volume equivalent sphere diameter.  
In this study, a Laser Diffraction Particle Size Analyzer LS 13 320 (Beckman Coulter, USA, 
Figure 4. 4) was used. The material particles were dispersed in ethanol.  
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Figure 4. 4: Laser Diffraction Particle Size Analyzer LS 13 320 from Beckman Coulter, USA. 
 Specific surface area 
The specific surface area corresponds to the surface area of the particles per unit of mass 
or volume of material. It is generally determined by the physical adsorption of gas molecules 
on a solid surface, as described by the Brunauer-Emmett-Teller (BET) theory [35]. The 
theory is based on three assumptions: (i) gas molecules are physically adsorbed on a solid 
in layers infinitely, (ii) there is no interaction between each adsorption layer and (iii) the 
Langmuir theory [36] can be applied to each layer. The amount of adsorbed gas is 
dependent on the equilibrium pressure (p) and the saturation pressure (p0) at the 
temperature of adsorption. The specific surface area of the material can be calculated by 
measuring the values of p/p0. 
In this study, the specific surface area of raw powders was measured by gas adsorption 
measurements based on BET theory using Quantachrome Autosorb 1 (Quantachrome 
GmbH & Co. KG, Germany, Figure 4. 5). The powders were de-gassed in vacuum at 300 
°C for 3 h prior to surface absorption with krypton gas. 
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Figure 4. 5: Quantachrome Autosorb 1 from Quantachrome GmbH & Co. KG, Germany. 
4.2.2. Microstructural characterizations 
 Microscopy 
SEM was carried out to investigate the microstructure of the membranes during the 
development (post-sintering analysis, post-infiltration analysis [catalysts]) and after the tests 
(post-mortem analysis). During manufacturing, the density of the selective composite layer 
and the porosity of the surrounding layers (porous catalytic backbones and porous support) 
were especially examined. Particular attention was dedicated to the distribution of the ionic 
and electronic conducting phases into the dense composites, and to the interfaces between 
the layers composing the asymmetric membranes. After impregnation of catalytic solutions 
into the porous structures, the latter were carefully analysed in order to evaluate the success 
of the infiltrations in a qualitative or quantitative manner. Post-mortem analyses were 
performed to observe the impact of the testing conditions (temperature, atmosphere, and 
sealing material compatibility) on the microstructure of the membranes. The presence of 
impurities, formation of new phases or diffusion of chemical elements were verified using an 
energy dispersive X-ray spectroscopy (EDX) system. 
Several microscopes were used in the different articles reported in Chapter 5. Each article 
specifies the microscope used and the motivations of the analysis. 
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 Density measurements 
The density of thick symmetrical membranes (e.g. pellets) was determined by the 
Archimedes method. Archimedes’ principle states that the weight of a displaced fluid is 
directly proportional to the volume of the displaced fluid. Consequently, by measuring the 
weight of the membrane in water and in air, it possible to calculate the weight of the 
displaced fluid (here water) and to deduce therefrom the density of the membrane. Note that 
only the open porosity (pores where the fluid can access) will be taken into account in the 
density calculation when using the Archimedes method. 
A software developed in-house (called ThreshAlyzer) was used to estimate the porosity of 
the different layers of asymmetric membranes by analyzing the contrast between pores 
(black) and materials (white/grey), thanks to SEM images of membrane cross-sections. The 
error bar of such measurements is estimated at 2 %. Note that this technique gives the total 
porosity percentage (open and close porosity) but includes only a limited surface of the 
samples. To avoid obtaining local density values which may not be representative of the 
complete surface of the samples, three density measurements were realized at different 
spots and an averaged density value was calculated. 
 Dilatometry 
Dilatometry is a thermoanalytical technique used to measure the shrinkage or expansion of 
materials (solids, powders, pastes or liquids) under negligible load as a function of the 
temperature. The degree of expansion divided by the change in temperature is called 
“thermal expansion coefficient” (α). It can be expressed as: 
𝛼 =  
1
𝐿0
(
Δ𝑙
Δ𝑇
) 
where 𝐿0 is the initial sample length, while Δ𝑙 and Δ𝑇 correspond to the change in length and 
temperature, respectively.  
One of the important material-related challenges that need to be overcome to manufacture 
multilayers asymmetric membranes is to ensure the mechanical integrity of samples by 
selecting materials having close thermal expansion coefficients. Dilatometry measurements 
were performed on the selected membrane materials to determine the shrinkage and 
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sintering activity of the different membrane layers (porous support, catalytic porous layer 
and dense membrane layer). 
Several types of dilatometers exist, such as capacitance dilatometers, connecting rod (push 
rod) dilatometers, high-resolution laser dilatometers, and optical dilatometers. In this study, 
a connecting rod dilatometer (Netzsch 402 CD, Netzsch, Germany) using a linear variable 
displacement transducer (LVDT) to measure the dimensional change of the samples was 
used (results presented in sub-chapter 5.1.). As the sample length changed during the 
temperature program, the LVDT core is moved, and an output signal proportional to the 
displacement is recorded. The temperature program was controlled using a thermocouple 
located next to the sample.  
4.2.3. Electrochemical characterizations 
 Electrical conductivity measurements 
The electrical conductivity (σ) of a material is a number describing how much the material 
conducts charged species like ions or electrons. Conductivity is measured in units of S m-1 
and is defined as the inverse of the resistivity (ρ), as described by the following equation: 
𝜎 =
1
𝜌
 (1) 
Commonly, the electrical resistivity is measured experimentally and the electrical 
conductivity of the material is deducted using the equation (1). In this study, the four-point 
technique was used to obtain the electrical resistivity of (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-
Al0.02Zn0.98O1.01 (10Sc1YSZ-AZO) composite and deduce its electrical conductivity. 
The four-point measurement technique was performed on a rectangular bar sample (ca. 
4×4×17 mm3). The bars were made by uniaxial pressing of the 10Sc1YSZ-AZO (50-50 
vol.%) composite powder under 1000 kg load, and subsequently sintering them in air at 1200 
°C for 6 h (heating/cooling ramps: 1 °C/min). Pt-wires were attached to the sides of the bar, 
which were painted with Pt-paste and then heat treated at 1000 °C for 1 h (heating/cooling 
ramps: 1 °C/min) to ensure good electrical contact (as shown Figure 4. 6). The current was 
applied on the extremities of the bar (2 points) and a resulting voltage is measured across 
the inner part of the bar (2 other points). The four-point resistivity of the material is then: 
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𝜌 =
𝑉𝑤ℎ
𝐼𝑙
 (2) 
Where 𝜌 = Resistivity in Ω m  
 𝑉 = Voltage measured across the sample in volts (V) 
𝐼 = Current measured through the sample in amperes (A) 
𝑤 = Width of the sample in meters (m) 
 ℎ = Height of the sample in meters (m) 
 𝑙 = Distance between the voltage probes in meters (m) 
Considering the equations 1 and 2, the electrical conductivity can be expressed: 
𝜎 =
𝐼𝑙
𝑉𝑤ℎ
 (3) 
 
Figure 4. 6: Four-point configuration for electrical conductivity measurements. 
Sub-chapter 5.3. of the thesis presents the results of electrical conductivity measurements 
performed on the 10Sc1YSZ-AZO (50-50 vol.%) dual phase membrane. 
 Electrochemical impedance spectroscopy (EIS) 
Electrochemical Impedance Spectroscopy (EIS) is a powerful technique to study 
electrochemical-systems. The technique can measure the dielectric and transport properties 
of materials and investigate mechanisms of electrochemical reactions. Electrochemical 
impedance is usually measured by applying an alternating (AC) potential to an 
electrochemical cell and then measuring the current through the cell. If a sinusoidal potential 
excitation is applied, the response to this potential will be an AC signal that can be analysed 
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as a sum of sinusoidal functions (Fournier series). The amplitude of the applied signal is 
usually small in order to ensure that the cell’s response is pseudo-linear. In such case, the 
current response to a sinusoidal potential will be a sinusoidal at the same frequency but 
shifted in phase. The excitation voltage and the response current can be expressed by 
equations 4 and 5: 
𝐸(𝑡) = 𝐸0 ∙ sin(𝜔𝑡)   (4) 
𝐼(𝑡) = 𝐼0 ∙ sin(𝜔𝑡 + 𝜑)   (5) 
The impedance response Z is calculated using the generalized Ohm’s law: 
𝑍(𝑡) =
𝐸(𝑡)
𝐼(𝑡)
=
𝐸0∙sin(𝜔𝑡)
𝐼0∙sin(𝜔𝑡+𝜑)
= 𝑍0
sin(𝜔𝑡)
sin(𝜔𝑡+𝜑)
   (6) 
Where 𝐸0 and 𝐼0 are the peak amplitude of the AC potential and current, 𝑍0 is the impedance, 
𝜔 is the angular frequency, 𝑡 is the time and 𝜑 is the phase shift. 
Knowing that most of electric components (i.e. capacitors or inductors) gives a response, 
which is not in phase with the stimulus, the impedance is usually represented as a vector 
expressed in a complex function. The potential and current responses can be described as: 
𝐸(𝑡) = 𝐸0 ∙ 𝑒
(𝑗𝜔𝑡)   (7) 
𝐼(𝑡) = 𝐼0 ∙ 𝑒
(𝑗𝜔𝑡−𝜑)   (8) 
The impedance is then represented as: 
𝑍 =
𝐸(𝑡)
𝐼(𝑡)
= 𝑍0 ∙ 𝑒
(𝑗𝜑)  (9) 
In this thesis, EIS analyses were carried out to study the performance of different materials 
as catalytic porous backbones. Polarization resistances (Rp) were deducted from the 
measurements and compared to select the most suitable material for this function. Sub-
section 5.2. presents the results of the EIS experiments performed.  
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4.3. Oxygen permeation measurements 
In this study, oxygen permeation measurements were conducted using two models of the 
testing unit illustrated in Figure 4. 7. The testing units are referred to “DTU experimental set-
up” and “UPV experimental set-up”. The majority of the tests were performed on the “DTU 
testing unit” nevertheless, several tests were also performed at the Institute of Chemical 
Technology (ITQ – Valencia, Spain) and, therefore, the two types of experimental set-ups 
used will be described below.  
4.3.1. DTU experimental set-up 
As described in Figure 4. 7.a, the membranes tested in the DTU testing unit type were placed 
between two alumina tubes, in the centre of a tube furnace. The temperature was monitored 
using thermocouples placed in direct contact with the membranes. Mass flow controllers 
(MFCs - Brooks) were used to control the inlet flow of the feed (high pO2) and the sweep 
(low pO2) gases. Various flow rates (in general from 0 to 9 L h-1, depending on the MFCs) 
and nature of gases (i.e. air or O2 as a feed gas, and Ar, N2, CO2 as a sweep gas) can be 
selected for the measurements. Tape-cast sodium aluminosilicate (NAS, Na2O: 17.8 mol.%, 
Al2O3: 9.4 mol.% and SiO2: 72.8 mol.% [37]) glass o-rings, with an inner diameter of 9 mm 
and glass transition temperature of 515 °C [38] were applied on both sides of the membranes 
to serve as sealing material between the alumina tubes and the membranes. The exterior 
surface of the membranes was also coated with NAS paste to ensure that oxygen cannot 
enter from the exterior compartment to the permeate side. Then the membranes were 
heated in air up to 940 °C and afterwards cooled to 750 °C to ensure a gas tight sealing. A 
gas chromatography (490 micro GC, Agilent, USA) was connected to the outlet of the 
permeate side to quantify any oxygen leaks into the permeate stream. Oxygen leaks could 
potentially enter the permeate side via pinholes or insufficient sealing at the membrane 
periphery. In-house built zirconia-based pO2 sensors were used to determine the pO2 of the 
inlet gas on the permeate side (before feeding to the membranes) and of the outlet gas (after 
passing over the membranes). The oxygen permeation flux was deduced based on the pO2 
difference between the inlet and the outlet of the gas flowing through the permeate side. The 
oxygen permeation flux through the membranes was calculated as: 
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𝐽𝑂2 =
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  ∙ ?̇?𝑜𝑢𝑡−𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  ∙ ?̇?𝑖𝑛 
𝐴
   (10) 
where 𝐽𝑂2 is the oxygen permeation flux, 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  and 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  are respectively the 
oxygen partial pressures of the inlet and outlet gases, ?̇?𝑖𝑛 and ?̇?𝑜𝑢𝑡 are molar flow rates of 
inlet and outlet gases, respectively, and A is the effective area of the membrane. The Nernst 
equation (11) was used to calculate the oxygen partial pressure from the measured sensor 
voltage (V): 
𝑝𝑂2 = 𝑝𝑂2,𝑟𝑒𝑓. 𝑒
4𝐹𝑉
𝑅𝑇    (11) 
where 𝑉 is the open circuit voltage of the oxygen sensor, T is the temperature of the oxygen 
sensor, and 𝑝𝑂2,𝑟𝑒𝑓 is the oxygen partial pressure at the reference electrode which was 
maintained at 0.21 atm during the measurement. 
Oxygen permeation measurements performed through (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89-
MnCo2O4, (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89-Al0.02Zn0.98O1.01 and (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89-
LaCr0.85Cu0.10Ni0.05O3-δ composite membranes were conducted on DTU experimental set-
ups. The results of these tests are presented in sub-chapters 5.1., 5.3., 5.4. and 5.5.. 
4.3.2. UPV experimental set-up 
The membrane-testing unit used at ITQ-UPV (Figure 4. 7.b) consists of a lab-scale quartz 
reactor. The membranes were sealed on one side (dense membrane layer side) to the 
quartz reactor using silver O-rings. At 850 °C, a sufficient weight load was applied to ensure 
a good sealing. The flow rate of gases (feed and sweep) was controlled by soap bubble flow 
meters. The permeate was analysed at steady state by online gas chromatography (CP-
4900 Micro-GC, Varian, USA). The oxygen concentration was calculated from the O2 signal 
area and its response factor previously calibrated. The total oxygen permeation was 
calculated as the product of the O2 concentration (%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) and the sweep flow (?̇?
𝑜𝑢𝑡). 
The oxygen permeation flux (𝐽𝑂2) was then determined from the division of the total oxygen 
permeation by the effective area (𝐴) of the membrane as: 
𝐽𝑂2 = %𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 ∙
?̇?𝑜𝑢𝑡 
𝐴
   (12) 
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To ensure gas-tightness the nitrogen concentration in the permeate gas was continuously 
controlled. Oxygen related to minor leaks was removed from 𝐽𝑂2  calculation by taking into 
account the presence of N2 in the permeate stream. Therefore, the permeating oxygen 
(%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) was calculated as: 
%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 = %𝑂2,𝐺𝐶 − (
0.21
0.79
∙ %𝑁2,𝐺𝐶)   (13) 
where %𝑂2,𝐺𝐶 and %𝑁2,𝐺𝐶 are the percentages of oxygen and nitrogen measured by the gas 
chromatography in the permeate, respectively. 
Each test was repeated three times to minimize the analysis error. The experimental 
analytical error was below 0.5 %. 
Oxygen permeation measurements performed through (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89-
MnCo2O4 composite membrane were conducted on UPV testing units. The results of these 
tests are presented in the sub-chapter 5.2.. 
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Figure 4. 7: Schematic illustration of the membrane testing units used for the oxygen permeation measurements 
presented in this thesis. (a) DTU testing unit, (b) UPV testing unit. 
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Chapter 5: Results and discussions  
During this PhD study, the three following composite materials: 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-MnCo2O4 (sub-chapters 5.1. and 5.2.), 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 (sub-chapter 5.3.) and 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ (sub-chapters 5.4. and 5.5.), were, in 
parallel, studied, developed, and successfully used to manufacture highly performing and 
chemically stable OTMs. This chapter presents four research articles related to their 
development and their characterizations as dual-phase OTMs for oxy-fuel combustion 
applications. These articles are treated individually in sub-chapters (sub-chapters 5.1. to 
5.4.) and have been published or are ready for publication in peer reviewed journals. One 
additional sub-chapter contains unpublished results obtained on the development and 
characterizations of supported (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen 
transport membranes (sub-chapter 5.5.). At the beginning of each sub-chapter a brief 
introduction describes the content of the section and explains its contributions and 
significance to the problem statement addressed in this thesis. 
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5.1. Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 asymmetric 
membranes prepared by two-step sintering  
This sub-chapter contains the article “Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 
asymmetric membranes prepared by two-step sintering” published in Fuel Processing 
Technology (Fuel Process. Technol. 152 (2016) 192–199).  
Prior to the study reported in this sub-chapter, 50 vol.% (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 
(10Sc1YSZ) – 50 vol.% MnCo2O4 composite disks were prepared by powder pressing and 
sintering processes and characterized in terms of oxygen transport properties. The oxygen 
permeation measurements through the 1 mm thick disk showed promising fluxes up to 0.34 
mLN min-1 cm-2 (950 °C in air/N2 gradient). The main objective of the study presented here 
was to decrease the thickness of this composite membrane in order to increase the oxygen 
permeation flux that was limited by the diffusion of oxide ions into the bulk material. This 
manuscript deals with the development and characterization of 7 µm thick 10Sc1YSZ-
MnCo2O4 asymmetric membranes supported on YSZ porous supports. The composite 
membranes were prepared by tape-casting, lamination and fired in a two-step sintering 
process. Due to the decomposition of MnCo2O4 (by the formation of cobalt oxide above 1200 
°C), the most challenging step of the asymmetric membrane preparation was the sintering 
process. The study shows how the two-step sintering method was successfully used to 
obtain a gastight membrane layer with the desired ratio of the ionic/electronic conductor that 
could not be obtained by conventional sintering. The oxygen permeation flux through a 7 
µm 10Sc1YSZ-MnCo2O4 (70-30 vol.%) asymmetric membrane was studied from 750 to 940 
°C under several atmospheres (air/pure oxygen as feed gases and N2/CO2 as sweep gases), 
and the long-term stability (1730 h) of the dual-phase membrane under pure CO2 was 
investigated at 850 °C.  
  
 109 Chapter 5: Results and discussions 
Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 asymmetric membranes prepared by two-step sintering 
Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 asymmetric membranes 
prepared by two-step sintering  
Stéven Pirou *a, Jonas Gurauskisa, Vanesa Gila, Martin Søgaard a1, Peter Vang Hendriksena, 
Andreas Kaisera, Simona Ovtara, Ragnar Kiebacha. 
a Department of Energy Conversion and Storage, Technical University of Denmark, Risø 
campus, Frederiksborgvej 399, DK-4000 Roskilde, Denmark 
1 Current address: Meneta Advanced Shims Technology A/S, Kirkegyden 52, DK-5270 
Odense N, Denmark. 
* Corresponding author: Tel: +45 93511217. E-mail address: stepir@dtu.dk.  
Abstract 
Asymmetric membranes based on a dual-phase composite consisting of 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) as ionic conductor and MnCo2O4 as electronic 
conductor were prepared and characterized with respect to sinterability, microstructure and 
oxygen transport properties. The composite membranes were prepared by tape casting, 
lamination and fired in a two-step sintering process. Microstructural analysis showed that a 
gastight thin membrane layer with the desired ratio of ionic/electronic conducting phases 
could be fabricated. Oxygen permeation fluxes across the 10Sc1YSZ-MnCo2O4 (70-30 
vol.%) composite membrane were measured from 750 to 940 °C using air or pure oxygen 
as feed gases and N2 or CO2 as sweep gases. Fluxes up to 2.3 mlN min-1cm-2 were obtained 
for the 7 micron thick membrane. A degradation test over 1730 hours showed an initial 
degradation of 21 % during the first 1100 hours after which stable performance was 
achieved. The observed degradation is attributed to coarsening of the infiltrated catalyst. 
Keywords 
Two-step sintering, Oxygen membranes, Composite membranes, Asymmetric membranes, 
Oxygen flux, CO2 stability. 
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1. Introduction 
To reduce global warming and adverse climate changes it is important to reduce 
anthropogenic CO2. One possible approach to such emission reduction is to capture and 
sequester CO2 from large point sources, e.g. fossil fuel power plants. Among the available 
technologies for Carbon Capture and Sequestration (CCS), oxy-fuel combustion is a 
promising option. This approach uses oxygen instead of air in the combustion process. By 
eliminating nitrogen from the oxidant gas stream, it is possible to produce a CO2-enriched 
flue gas (90 – 95 % CO2 in the dried flue gas) and the non-circulated part of the CO2 can be 
compressed and stored [1]. The main energy demand for oxy-fuel process results from the 
oxygen production, which is today produced from cryogenic air separation units (ASUs), the 
only available technology for large-scale production. However, cryogenic air separation is a 
highly energy consuming and expensive process [2, 3], especially if small and medium scale 
combustion processes are considered. This energy demand could potentially be significantly 
lowered using thermally integrated separation modules based on ceramic oxygen transport 
membranes (OTM) [4, 5].  
Typical oxygen transport membranes consist of a gastight mixed ionic and electronic 
conductor (MIEC), which allows oxygen diffusion through vacancies in the crystal lattice and 
simultaneous transport of electrons in the opposite direction. Membranes based on single 
phase MIEC materials can achieve high oxygen fluxes [6], but unfortunately most of flux 
wise promising membrane materials are not chemically stable under atmospheres 
containing CO2, SO2 and H2O; conditions which are going to be encountered with membrane 
integration in power plants that are suitable for CCS. The materials having adequate 
chemical stability unfortunately typically do not provide sufficient oxygen transport. For 
example, compounds in the Ba1−xSrxCo1−yFeyO3−δ (BSCF) and La1−xSrxCo1−yFeyO3−δ (LSCF) 
series have attracted large interest due to their good electronic and ionic conductivity [7 – 
11], however, their lack of chemical stability in the presence of CO2 [12 – 17] (especially for 
the alkaline earth rich and cobalt rich compounds) clearly show the limitations of these 
compounds for oxy-fuel applications involving direct integration. Indeed, for materials 
containing La and alkaline earth metals the stability in CO2 and SO2 is low because of the 
potential formation of La/alkaline carbonates and sulphates. Carbonate formation at the 
surface of membrane reduces the surface exchange rate and consequently reduces the 
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oxide ion transport through the membrane. In contrast, ionic conductors like doped zirconia 
((ZrO2)1-x(Y2O3)x (YSZ), (ZrO2)1-x(Y2O3)x(Sc2O3)y (ScYSZ)) or doped ceria (Ce1-xGdxO2-δ 
(CGO), Ce1-xSrxO2-δ (CSO), Ce1-xPrxO2-δ (CPO)) have high chemical stability in CO2 and at 
low oxygen partial pressure. Fluxes in membranes constructed from such materials is 
strongly limited by electronic conductivity [18, 19]. 
Dual-phase systems, where the membrane consists of a composite of a stable ionic 
conductor and a stable electronic conductor, can therefore be an alternative to the single 
phase system to ensure high oxygen flux and chemical stability at the same time. 
Early reported dual-phase membranes were ceramic-metal (cermet) composites consisting 
of an oxygen ion-conducting oxide phase and an electron-conducting noble metal phase 
((ZrO2)1−0.08(Y2O3)0.08/Pt [20] and Bi2O3-Er2O3/Au [21]). The price of the membrane can 
strongly be decreased avoiding the noble metals by using only ceramic compounds 
(“cer/cer”). Such “cercer”, e.g. composite membranes NiFe2O4 - Ce0.9Gd0.1O1.95 (NFO-
CGO10) [17] and Ce0.8Gd0.2O1.9 - MnFe2O4 (CGO-MFO) [22] have indeed been shown to be 
stable in CO2. 
The thermodynamic driving force for oxygen transport through a MIEC membrane is the 
oxygen chemical potential gradient across the membrane, dictated by the imposed oxygen 
activities on the two sides of the membrane. The flux through the membrane is for the case 
of fast surface exchange given by the Wagner Equation (1): 
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫
𝜎𝑒𝜎𝑖
𝜎𝑒+𝜎𝑖
 (𝑝𝑂2) 𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (1) 
where 𝐽𝑂2 is the oxygen permeation flux (mol m
-2 s-1), R is the gas constant, F is the Faraday 
constant, L is the membrane thickness, 𝜎𝑒 and 𝜎𝑖 are the electronic and the ionic 
conductivities, and 𝑝𝑂2
𝑓𝑒𝑒𝑑
 and 𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
 are the oxygen partial pressures at the high 
pressure side and low pressure side, respectively. 
In order to obtain a high oxygen flux, the membrane should evidently (cf. Eq 1) be as thin 
as possible. Asymmetric membranes, which combine a relatively thick porous support (for 
mechanical stability) and a thin dense membrane layer, are a promising architecture to 
minimize the actual membrane thickness whilst ensuring mechanical robustness. 
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To manufacture dual-phase asymmetric membranes, the following material related 
challenges must be overcome: (i) a heat treatment which allows a proper co-sintering of all 
layers must be established, (ii) the two materials must be chemically compatible ensuring 
no (or very limited) reaction between the two phases, and finally (iii) the thermal expansion 
coefficients (TECs) between the membrane materials and the support must be very close to 
ensure mechanical integrity of the component. 
Yttria stabilized zirconia (YSZ) has been studied as the ionic conductor in composite OTMs 
due to its high ionic conductivity, its thermodynamic stability in oxidizing and reducing 
atmospheres and its good mechanical strength [18]. The highest ionic conductivity for 
(ZrO2)1−x(Y2O3)x electrolytes is observed for x=0.08 (8YSZ) and is around 0.03 S cm-1 at 850 
°C [23]. Further addition of Y2O3 will decrease the ionic conductivity due to enhanced 
association of the oxygen vacancies and dopant cations, which results in defect-complexes 
with low mobility [24]. Co-doping of scandium and yttrium in zirconia results in significant 
enhancement of the ionic conductivity as compared with 8YSZ. Artemov et al. reported that 
the ionic conductivity of (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) is higher than 0.12 S cm-
1 at 850 °C [25]. Therefore, 10Sc1YSZ was chosen here as the ionic conductor for the dual-
phase membrane.  
Spinels containing manganese and cobalt are known to possess high electrical conductivity 
[26]. The electrical conductivity of MnCo2O4 is reported to be in the range of 60 – 100 S cm-
1 at 800 – 900 °C [27, 28]. In addition, MnCo2O4 is much easier to sinter than many other 
spinel-type oxides, and has a thermal expansion coefficient (TEC) (9.7 ppm/K between room 
temperature and 1000 °C) [27] which is close to the TEC of 8YSZ (10.88 ppm/K [29] from 
room temperature to 1000 °C). These properties make it a promising candidate as the 
electronic conductor in a dual-phase system with 10Sc1YSZ (10Sc1YSZ-MnCo2O4). Yi et 
al. reported that the MnCo2O4 spinel starts to decompose by formation of cobalt oxide above 
1200 °C [30], which is close to the required sintering temperature for the densification of 
YSZ. Therefore, it is expected to be difficult to fully densify a composite of MnCo2O4 and 
Sc1YSZ in an asymmetric membrane by conventional sintering. 
Originally proposed by Chen and Wang, two-step sintering profiles allow producing 
nanostructured materials with high density at modest temperature, due to different grain 
growth and densification kinetics [31]. Indeed, with well-chosen two-step sintering profiles 
 113 Chapter 5: Results and discussions 
Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 asymmetric membranes prepared by two-step sintering 
the densification can proceed without grain growth. The suppression of the final-stage grain 
growth is achieved by exploiting the difference in kinetics between grain-boundary diffusion 
and grain-boundary migration. A typical two-step sintering profile consists of a first step with 
a fast heating rate (15 – 25 °C min-1) to a peak temperature (without or with very short 
holding time (3 minutes maximum)) and, on a second step, the immediate cooling down to 
an isothermal plateau at a lower temperature. In the case of a composite membrane such a 
profile could allow a higher densification to achieve the desired microstructure in the 
composite membrane layer (and the porous support) while avoiding undesirable phase 
decompositions. 
In this work we present how two-step sintering can be utilized to prepare planar asymmetric 
membranes consisting of a 10Sc1YSZ-MnCo2O4 composite. The membranes were 
manufactured by tape-casting, lamination and subsequently sintered in a two-step firing. 
First a sintering study is presented involving the laminated membranes heat treated at three 
different sintering profiles. This allowed manufacturing of fully dense membranes. Catalysts 
were applied at both surfaces and oxygen permeation measured under different 
atmospheres. Finally a durability test was conducted with CO2 as sweep gas. 
2. Experimental 
2.1. Membrane preparation 
As presented in Figure 5. 1, the asymmetric membranes consist of a 200 micron thick porous 
support (3YSZ + 20 vol.% of Al2O3) and a thin dense composite membrane layer 
(10Sc1YSZ-MnCo2O4, 7 µm) surrounded by two porous layers (8YSZ, 10 µm) that can be 
impregnated with a suitable catalyst. All layers were manufactured separately by tape 
casting. The YSZ (3YSZ and 8YSZ), 10Sc1YSZ and MnCo2O4 powders were purchased 
from Tosoh (Japan), Daiichi Kigenso Kagaku Kogyo Co. Ldt (Japan), and Marion 
Technologies (France), respectively. 3YSZ and 8YSZ powders were calcined for 2 h at 1100 
°C and 900 °C, respectively prior to further processing. All materials were ball milled in 
ethanol to obtain particles within submicronic range. Three slurries were prepared and cast: 
(i) a slurry for the porous support layer containing 33 wt.% of pore formers in relation to the 
total solid content (Graphite (dv50=7 µm) and PMMA (dv50=1.8 µm) supplied by Graphit 
Kropfmühl AG (Germany) and Esprix Technologies (USA), respectively) (ii) a slurry for the 
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porous functional layers containing 33 wt.% of pore former (PMMA) and (iii) a slurry for the 
membrane layer free of pore former. 
After drying, the green tapes were assembled by lamination at 135 °C and 30 mm diameter 
disks were cut out using a stamping tool.  
 
Figure 5. 1: Schematic structure of the 10Sc1YSZ-MnCo2O4 asymmetric membrane developed in this study, consisting 
of 4 layers from bottom to top: a porous 3YSZ support layer, a porous 8YSZ layer to be impregnated with a catalyst, 
the 10Sc1YSZ-MnCo2O4 membrane layer and a second porous 8YSZ for catalyst impregnation. 
As is presented in Figure 5. 2, a sintering study was performed with following process 
parameters: (i) conventional sintering at 1250 °C for 6 h, (ii) conventional sintering at 1075 
°C for 6 h (iii) two-step sintering, including a peak temperature of 1250 °C (3 min) and a 
dwell temperature of 1075 °C (6 h) (iv) two-step sintering at peak (3 min)/dwell (6 h) 
temperatures of 1225/1090 °C. Heating rates of 0.25 °C min-1 for the de-bindering and 1 °C 
min-1 for the sintering regime were used in all cycles. A holding time of 4 h at 600 °C was 
implemented in all sintering profiles to ensure complete removal of organic matter. A heating 
ramp of 25 °C min-1 was used for the peak of the two-step sintering profiles. A dwell period 
of six hours was employed in all four sintering cycles. Figure 5. 2 focuses on the last 30 
hours of the sintering cycles since they distinguish the four sintering cycles. Table 5. 1 
summarizes the complete sintering cycles used to optimize the microstructure of the 
10Sc1YSZ-MnCo2O4 asymmetric membranes. The obtained samples were characterized 
and compared by: (i) SEM analysis (fracture cross-section) and (ii) EDX analysis (polished 
cross-section).  
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Table 5. 1: Overview table of the four different sintering cycles used to optimize the microstructure of the 10Sc1YSZ-
MnCo2O4 asymmetric membranes. 
Name (Code) 
Heating 
rate step 1  
(°C min-1) 
Holding 
step 1 
Heating 
rate step 2 
(°C min-1) 
Holding 
step 2 
Heating 
rate step 3 
(°C min-1) 
Holding 
step 3 
Cooling 
rate step 1 
(°C min-1) 
Holding 
step 4 
Cooling 
rate step 2 
(°C min-1) 
Conventional 
sintering at 
1250°C 
(CS1250) 
0.25 
600 °C 
/ 4h 
1 
1250 
°C / 6h 
- - 1.67 - - 
Conventional 
sintering at 
1075°C 
(CS1075) 
0.25 
600 °C 
/ 4h 
1 
1075 
°C / 6h 
- - 1.67 - - 
Two-step 
sintering at 
1250°C/1075°C 
(TSS1250/1075) 
0.25 
600 °C 
/ 4h 
1 
1075 
°C / 
1min 
25 
1250 
°C / 
3min 
25 
1075 
°C / 6h 
1.67 
Two-step 
sintering at 
1225°C/1090°C 
(TSS1225/1090) 
0.25 
600 °C 
/ 4h 
1 
1090 
°C / 
1min 
25 
1225 
°C / 
3min 
25 
1090 
°C / 6h 
1.67 
After sintering, Gd0.2Ce0.8O2-δ (GDC) and LaNi0.6Co0.4O3-δ (LNC) aqueous solutions with 
concentration of 2.5 and 1.25 M were prepared by dissolving the corresponding nitrate solid 
solutions in water. The aqueous solutions were supplemented with a wetting agent (Triton 
X-100) and a complexing agent (Urea), and were infiltrated in both the porous YSZ layers 
to serve as oxygen oxidation/reduction catalysts. The samples were placed under vacuum 
to remove air and enhance the penetration of the solution into the porous support and the 
functional layers. This ensures an even distribution of the catalyst pre-cursor throughout the 
complete porous layers. The infiltrated samples were heat treated at 350 °C after each 
infiltration. The infiltration process was repeated 3 times for each aqueous solution, to 
ensure deposition of sufficient amounts catalyst in the porous layers. The impregnation 
procedure has been successfully applied in previous studies [32 – 34]. 
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Figure 5. 2: Four different sintering cycles used to optimize the microstructure of the 10Sc1YSZ-MnCo2O4 asymmetric 
membranes: (i) conventional sintering at 1250 °C, (ii) conventional sintering at 1075 °C, (iii) two-step sintering at 
1250 °C/1075 °C and (iv) two- step sintering at 1225 °C/1090 °C. The first 45 hours of the cycles are not shown since 
they are similar for the four different sintering cycles. 
2.2. Membrane characterization 
Contact dilatometry was used to determine the shrinkage and sintering activity of the porous 
support and the thin membrane layer materials. Rods (2 cm x 0.5 cm x 0.5 cm) of 3YSZ + 
20 vol.% Al2O3 + 30 vol.% graphite and 10ScYSZ/MnCo2O4 (70/30 vol.%) powder mixtures 
were prepared by uniaxial pressing. Dilatometry on the dense bars was carried out on a 
Netzsch 402 CD differential dilatometer. The bar of the porous support material was pre-
calcined at 1000 °C in order to avoid the destruction of the sample by the holder pressure 
of the dilatometer. The heating rate was 1 °C min-1 from 1000 °C to 1400 °C. The 
10ScYSZ/MnCo2O4 (70/30 vol.%) bar, was heated at 0.5 °C min-1 from room temperature to 
600 °C, then 1 °C min-1 from 600 °C to 1250 °C. All tests were performed in air. 
The microstructure of the asymmetric membranes, and in particular the integrity of the thin 
film 10Sc1YSZ-MnCo2O4 layer, was investigated on fractured and polished cross-sections 
by scanning electron microscopy (SEM) using a Hitachi TM3000 equipped with a Bruker 
energy dispersive X-ray spectroscopy (EDX) system and a FE-SEM Zeiss Supra 35 electron 
microscope. 
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2.3. Oxygen permeation tests 
Oxygen permeation measurements were conducted in an oxygen membrane rig built at Risø 
DTU as described by Samson [35]. It consists of two alumina tubes that contact the 
membrane from the top and from the bottom. The gases are introduced to the interior of the 
test house to vicinity of sample and onto both sides of the membrane via smaller diameter 
alumina tubes inserted within the large, outer alumina tubes. The membrane is placed in the 
middle of a height adjustable tube furnace. Tape cast sodium aluminosilicate (NAS, Na2O: 
17.8 mol.%, Al2O3: 9.4 mol.% and SiO2: 72.8 mol.% [36]) glass rings, with an inner diameter 
of 9 mm, and a glass transition temperature of 515 °C [35] were used as sealing material 
between the alumina tubes and the membrane. The side walls of the samples were also 
coated with NAS paste to ensure that no oxygen enters from the sweep gas compartment 
to the membrane. To ensure a gas tight sealing, the membrane was heated in air up to 940 
°C and afterwards cooled to 750 °C. A gas chromatograph was connected to the outlet of 
the permeate side to quantify oxygen leak into the permeate stream (oxygen that enters the 
permeate compartment via pinholes or insufficient sealing at the membrane periphery). 
From a quantification of the leak the uncertainty of the measured permeation flux is less 
than 5 %, mainly originated from the uncertainty of the area of the tested membrane. During 
the test, air or pure O2 with a flow of 100 mlN min-1 was fed to the feed side, while various 
flows of N2 or CO2 varying from 20 mlN min-1 to 150 mlN min-1 were fed to the permeate side. 
The membrane was assembled with the porous support on the feed side. The inlet flow of 
each gas was controlled and monitored by a mass flow controller (Brooks), while the outlet 
flow was determined by a mass flow meter (Bronkhorst). In the experiments reported here 
the flow out was equal to the flow in within 3 %. In-house built zirconia-based pO2 sensors 
were used to determine the pO2 of the inlet gas on the permeate side (before feeding to the 
membrane) and of the outlet gas (after passing over the membrane). Net oxygen permeation 
flux was deduced from the pO2 difference between inlet and outlet, as given by: 
𝐽
𝑂2 = 
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  ∙ ?̇?𝑜𝑢𝑡− 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  ∙ ?̇?𝑖𝑛
𝐴
  (2) 
where 𝐽𝑂2 is the oxygen permeation flux, 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  and 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡 are respectively the 
oxygen partial pressures of the inlet and outlet gases, ?̇?𝑖𝑛 and ?̇?𝑜𝑢𝑡 are molar flow rates of 
inlet and outlet gases, respectively, and A is the net area of the permeate side of the 
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membrane. The Nernst equation (3) is used to calculate the oxygen partial pressure from 
the measured sensor voltage (V): 
𝑉 =  
𝑅 𝑇
4 𝐹
ln
𝑝𝑂2
𝑝𝑂2,𝑟𝑒𝑓
   (3) 
where 𝑉 is the open circuit voltage of the oxygen sensor, T is the temperature of the oxygen 
sensor and 𝑝𝑂2,𝑟𝑒𝑓 is the oxygen partial pressure at the reference electrode which was 
maintained at 0.21 atm during the measurement. 
3. Results and Discussion 
3.1. The effect of the sintering profile on the microstructure of 10Sc1YSZ-
MnCo2O4 composite membranes 
Simple percolation theory, assuming 6 nearest neighboring grains would predict a minimum 
of 33.3 vol.% of an electron conductive phase to form a continuous matrix in a composite 
system with random distribution of the phases. However, best consistence between the 
calculated and measured conductivity has in several systems been reported to be achieved 
with a slightly higher number of nearest neighboring grains [37, 38]. Percolation is thus 
expected to be achievable below the 33 %. In order to achieve the highest effective total 
conductivity in the membrane, a volume ratio between the ionic conductor (10Sc1YSZ) and 
electronic conductor (MnCo2O4) of 70:30 vol.% was chosen, reflecting that the ionic 
conductivity σionic (0.12 S cm-1 at 850 °C) [25] is five hundred time lower than the electronic 
conductivity σelectric (60 S cm-1 at 800 °C) [27] and hence that one should use as much of the 
ionic conductor as possible while still maintaning percolation in the electronically conducting 
phase.  
A critical step in the manufacturing of multi-layered membrane structures containing different 
ceramic materials is the optimization of the co-sintering process. In co-sintering, a good 
match of the shrinkage and strain rate of the different layers needs to be achieved in order 
to avoid the development of excessive stresses during sintering which can lead to 
mechanical failures [39]. For OTM applications, the thin membrane layer needs to be fully 
dense, while the support has to be sufficiently porous (usually 25 – 40 % of porosity, 
depending on support thickness and microstructure) to assure sufficient permeability for gas 
supply and distribution.  
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Conventional sintering at 1250 °C for 6 h in air (CS1250) did not result in a suitable 
microstructure for OTM use. Figure 5. 3 presents the SEM/EDX analysis of the polished 
cross-section of the asymmetric membrane after conventional sintering. As shown in Figure 
5. 3.a, the thin membrane layer is around 5 µm thick and completely densified. Nevertheless, 
the elemental maps of manganese and cobalt display that both elements which should be 
concentrated in the dense membrane layer are evenly distributed through all other layers. 
The manganese and cobalt mobility is too high at the chosen firing conditions. For this 
reason, a two-step sintering method (see pink and blue curves in Figure 5. 2 corresponding 
to TSS1250/1075 and TSS1225/1090 in Table 5. 1) was subsequently attempted in order to 
fully densify the 10Sc1YSZ-MnCo2O4 dual-phase membrane while at the same time; (i) 
avoiding excessive Co and Mn diffusions and (ii) ensuring a sufficient mechanical strength 
of the YSZ/Al2O3 support structure. 
 
Figure 5. 3: Polished cross-section of an asymmetric membrane after a conventional sintering at 1250 °C/6 h 
(CS1250) (a) SEM picture (b, c, d) EDX maps of Co, Mn and Sc elements. 
To elucidate the ideal sintering temperatures and optimize the sintering profile, separate 
dilatometry measurements were performed on the support and the membrane layer 
materials. The results of the dilatometry measurements are shown in Figure 5. 4. The 
temperatures where densification occurs most rapidly are approximately 1200 °C and 1025 
°C for the support and the thin membrane layer, respectively. In order to optimize the 
sintering, these two temperatures were chosen as the targeted dwell temperatures in the 
two stage sintering profiles. A temperature point close to the maximum shrinkage domain of 
the porous support was defined as a peak temperature for the short term sintering step. 
Sintering the membrane structure to this peak temperature should increase the density of 
the thin membrane layer and should ensure a good mechanical strength of the support. A 
temperature point close to the maximum densification of the thin membrane layer was 
selected for the second step dwell period. Such a sintering profile allows the membrane to 
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sinter at relatively low temperature, and avoid the loss of MnCo2O4 experienced during 
conventional 6 h sintering at 1250 °C (CS1250). 
 
Figure 5. 4: Dilatometry curves, showing the shrinkage rate as function of sintering temperature for the porous 
support (a) and the thin membrane layer (b). Heating rate: 1 °C min-1. 
Figure 5. 5 presents the SEM images of a fracture cross-sections and the elemental maps 
of Mn, Co and Sc obtained by EDX of membranes sintered using the sintering profiles 
described in Table 5. 1 (TSS1250/1075, TSS1225/1090 and CS1075). Both membranes 
sintered using the two-step sintering method have fully dense membrane layers (Figures 5. 
5. 5.a and 5. 5.e). Their porosities were evaluated to be less than 1 vol.% by using a phase 
distribution analysis software. In comparison, the membrane which was conventionally 
sintered at 1075 °C (CS1075) has a high porosity of 18 vol.%. Based on EDX results, the 
ratio of 10Sc1YSZ to MnCo2O4 in the thin membrane layer is about 75:25 vol.% (grains size: 
d50-ScYSZ=1.01 µm and d50-MCO=0.46 µm) in the case that the sintering profile (i) was used 
(TSS1250/1075, Figures 5. 5.b, 5, 5.c, 5. 5.d), while the same ratio is about 70:30 vol.% 
(grains size: d50-ScYSZ=0.97 µm and d50-MCO=0.51 µm) when the sintering profiles 
TSS1225/1090 (Figures 5. 5.f, 5. 5.g, 5. 5.h) or CS1075 (Figures 5. 5.j, 5. 5.k, 5. 5.l) were 
applied. These SEM/EDX results clearly show that the two-step sintering profiles allow on 
the densification of the 10Sc1YSZ-MnCo2O4 membrane layer without the loss of MnCo2O4 
observed for the CS1075 one step profile. 
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Figure 5. 5: SEM images and EDX maps (Mn, Co and Sc elements) of polished cross-sections of 10ScYSZ/MnCo2O4 
asymmetric membranes TSS1250/1075 (a, b, c, d) TSS1225/1090 (e, f, g, h) and CS1075 (i, j, k, l). 
3.2. Oxygen flux measurements on asymmetric dual-phase 10Sc1YSZ-
MnCo2O4 membranes  
The performance of the 10Sc1YSZ-MnCo2O4 (70-30 vol.%) asymmetric membranes on the 
3YSZ support obtained by two-step sintering (TSS1225/1090) was evaluated carrying out 
oxygen permeation measurements, as described in Section 2.3. 
Figure 5. 6 displays the oxygen permeation flux as a function of the ratio between the oxygen 
partial pressures of the feed and permeate sides (ln(𝑝𝑂2
𝑓𝑒𝑒𝑑
/𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
)) using N2 and CO2 
as sweep gases, and pure oxygen as a feed gas. The flux scales in direct proportion to the 
driving force across the membrane. The highest fluxes in O2/N2 and O2/CO2 were measured 
at 940 °C and correspond to 2.28 mlN cm-2 min-1 and 1.91 mlN cm-2 min-1, respectively. When 
air was used instead of pure oxygen as a feed gas, the fluxes decrease to 1.41 mlN cm-2 
min-1 and 0.81 mlN cm-2 min-1, in N2 and CO2 respectively. Table 5. 2 lists the values of 
oxygen permeation in different atmosphere at different temperatures. At temperature above 
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900 °C, the oxygen permeation flux measured using CO2 as the sweep gas is lower than 
that measured in N2 at equivalent driving force. Several other studies of OTMs present lower 
performances in CO2 when compared to N2/He sweep [40 – 45]. The phenomenon has been 
suggested to be a consequence of suppressed oxygen surface exchange rate due to the 
chemisorption of CO2 on the surface possibly blocking some oxygen vacancies [42, 45].  
 
Figure 5. 6: Oxygen permeation flux of 10Sc1YSZ-MnCo2O4 (70-30 vol.%) membrane as a function of the natural 
logarithm ratio between the oxygen partial pressure of the feed and the permeate side using N2 and CO2 as a sweep 
gases and pure oxygen as a feed gas. The lines are a linear fit to the results. 
Table 5. 2: Oxygen permeation fluxes (mlN cm-2 min-1) and driving force values through 10Sc1YSZ-MnCo2O4 (70-30 
vol.%) asymmetric membrane as a function of the temperature and the used atmosphere. 
Temperature 
(°C) 
Atmosphere 
Air/N2 Air/CO2 O2/N2 O2/CO2 
Oxygen permeation fluxes (mlN cm-2 min-1) / ln(𝑝𝑂2
𝑓𝑒𝑒𝑑
/𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
)  
750 0.29 / 5.496 0.39 / 4.660 0.37 / 6.824 0.64 / 5.737 
800 0.49 / 4.975 0.43 / 4.571 0.59 / 6.344 0.75 / 5.569 
850 0.83 / 4.447 0.52 / 4.384 1.05 / 5.778 1.02 / 5.266 
900 1.26 / 4.036 0.66 / 4.136 1.70 / 5.296 1.46 / 4.907 
940 1.41 / 3.920 0.81 / 3.978 2.28 / 5.004 1.91 / 4.642 
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When the permeation flux is limited not only by bulk diffusion but also by surface-exchange 
kinetics, the oxygen-permeation flux can, in a simple approximate description, be 
characterized by a modified Wagner equation (4) [46]: 
𝐽𝑂2 = − 
1
1+(
2𝐿𝑐
𝐿
)
𝑅𝑇
16𝐹2𝐿
∫
𝜎𝑒𝑙𝜎𝑖𝑜𝑛
𝜎𝑒𝑙+ 𝜎𝑖𝑜𝑛 
 (𝑝𝑂2)𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (4) 
where 𝐿𝑐 (= 𝐷𝑎 /𝐾𝑠 ) is the characteristic membrane thickness, 𝐷𝑎  is the ambi-polar diffusion 
coefficient and 𝐾𝑠 is the surface-exchange coefficient. When the membrane thickness (L) is 
much smaller than 𝐿𝑐, the oxygen permeation is mainly limited by the surface-exchange 
kinetics, while for L  ≫ 𝐿𝑐 the bulk diffusion is the main rate limiting factor. Since 𝜎𝑒𝑙 ≫  𝜎𝑖𝑜𝑛 
for 10Sc1YSZ-MnCo2O4 (70-30 vol.%) [25, 27], the mixed conductivity term in the integrand 
in Eq. (5) becomes: 
𝐽𝑂2 = − 
1
1+(
2𝐿𝑐
𝐿
)
𝑅𝑇
16𝐹2𝐿
∫ 𝜎𝑖𝑜𝑛 (𝑝𝑂2)𝑑 ln 𝑝𝑂2
𝑝𝑂2
𝑓𝑒𝑒𝑑
𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒    (5) 
An approximate characteristic membrane thickness (𝐿𝑐) was calculated from the O2/N2 
experiments in comparing measured fluxes with the ones calculated from Equation 5 using 
known conductivity values for the zirconia treating 𝐿𝑐 as a fitting parameter. For the 
calculations, we considered that: 𝜎𝑖𝑜𝑛,10𝑆𝑐1𝑌𝑆𝑍 ≫ 𝜎𝑖𝑜𝑛,𝑀𝑛𝐶𝑜2𝑂4, and approximated that 
𝜎𝑖𝑜𝑛 = 𝑥 ∗  𝜎𝑖𝑜𝑛,10𝑆𝑐1𝑌𝑆𝑍 , where 𝑥 is the volume percentage of 10Sc1YSZ in the composite 
membrane. The ionic conductivities of 10Sc1YSZ from 750 to 940 °C were taken from the 
study by Irvine et al. [47]. The driving force ln(𝑝𝑂2
𝑓𝑒𝑒𝑑
/𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
) was fixed at 5 for the 
calculations. 
Figure 5. 7 presents the thus obtained 𝐿𝑐 values as a function of the temperature and a 
comparison with the actual membrane thickness (L). For the complete investigated 
temperature range 𝐿𝑐 is much larger than L (10 to 20 times) which strongly indicates that 
surface-exchange kinetics is a main rate limiting factor for the oxygen permeation. In case 
of gas concentration polarization on the permeate side, the driving force will be 
overestimated which will result by a larger value of 𝐿𝑐. Calculations were performed at 950 
°C by using a lower driving force than assumed in order to show that even with gas 
concentration polarization effect 𝐿𝑐 is significantly larger than L. Nevertheless, it is important 
to mention that in principal the ionic and electronic conductivities of the two phases in the 
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membrane could deviate from the known materials values. For example, a modification of 
the microstructure, such as agglomeration of the phases could limit the percolation and 
therefore affect the conductivities. Also the ionic conductivity in the zirconia could in principle 
be reduced relative to that of the pure material due to interdiffusion of Mn, Co from the spinel. 
Moreover, the performed calculations do not consider a potential support limitation. A model 
developed by Niehoff et al. [48] introducing a surface correction factor for the calculation of 
Lc could be used to get more accurate results. 
 
Figure 5. 7: The characteristic membrane thicknesses (Lc) as a function of temperature, for oxygen permeation fluxes 
obtained in O2/N2 with ln(𝒑𝑶𝟐
𝒇𝒆𝒆𝒅
/𝒑𝑶𝟐
𝒑𝒆𝒓𝒎𝒆𝒂𝒕𝒆
) = 5 (black) and 4 (blue). 
In order to investigate the chemical and thermal long-term stability of the dual-phase 
membrane, the oxygen flux was measured for a continuous period of 1730 h with CO2 as 
sweep gas and air as feed gas at 850 °C. Figure 5. 8 presents the evolution of the oxygen 
flux through the membrane as a function of the time (black line). The blue line represents 
the first derivative of the oxygen flux as a function of the time. For the first 1100 h the flux 
decreases while after it stays constant for the last 600 h of the experiment. Figure 5. 9 shows 
SEM images of the very fine GDC and LNC particles infiltrated onto the functional membrane 
layer as oxygen oxidation/reduction catalysts. Before the oxygen permeation test, individual 
GDC/LNC particles are in the range of 20 – 50 nm (Figure 5. 9.a), while after 1730 h of 
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testing in CO2, they are in the range of 120-200 nm (Figure 5. 9.b). The particles thus clearly 
grow during the membrane operation. This coarsening causes a decrease in the surface 
area of the oxygen oxidation/reduction catalysts, therefore leading to surface exchange 
limitations. It is most likely the reason for the declining flux over the first 1100 hours.  
 
Figure 5. 8: Oxygen permeation flux through 10Sc1YSZ-MnCo2O4 (70-30 vol.%) composite membranes as a function 
of the time at 850 °C, with constant flow of air as a feed gas and 112 mlN min-1 of CO2 as a sweep gas. 
 
Figure 5. 9: SEM pictures of the GDC and LNC particles present onto the functional membrane layers prior to (a) and 
after (b) 1730 h of test in CO2. 
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4. Conclusions 
Dual-phase asymmetric 10Sc1YSZ-MnCo2O4 membranes were successfully prepared by 
tape casting, lamination and a two-step sintering process. The microstructure of the 
asymmetric membranes developed with different sintering cycles was studied and showed 
the advantages of the two-step sintering method to obtain a gastight membrane layer with 
the desired ratio of the ionic/electronic conductor. Such microstructures could not be 
obtained by conventional sintering. The oxygen permeation flux through a 7 µm 10Sc1YSZ-
MnCo2O4 (70-30 vol.%) asymmetric membrane was studied from 750 to 940 °C under 
several atmospheres (air/pure oxygen as feed gases and N2/CO2 as sweep gases). An 
oxygen flux of 2.23 mlN min-1cm-2 can be achieved at 940 °C in O2/N2 atmospheres. A 
chemical and thermal stability test under CO2 (as sweep gas) was performed over 1730 h 
and showed initial degradation during 1100 h, after which stable performance was observed 
during the remaining 630 h of test. The observed degradation is attributed to coarsening of 
the infiltrated catalyst phase. The 10Sc1YSZ-MnCo2O4 (70-30 vol.%) asymmetric 
membrane itself seems stable in CO2 atmosphere and is thus a good candidate for use in 
industrial applications where the contact with CO2 is required, for example for the use in oxy-
coal fired power plants for Carbon Capture and Sequestration (CCS). Further improvement 
of the surface catalyst layers is needed to reach the full potential of these membranes. 
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5.2. Improving the performance of oxygen transport membranes in 
simulated oxy-fuel power plant conditions by catalytic surface 
enhancement 
This sub-chapter contains the manuscript “Improving the performance of oxygen transport 
membranes in simulated oxy-fuel power plant conditions by catalytic surface enhancement”, 
which is ready for submission. 
Conclusions drawn from the previous study (“Oxygen permeation flux through 10Sc1YSZ-
MnCo2O4 asymmetric membranes prepared by two-step sintering”) pointed-out two 
important challenges to solve to bring 10Sc1YSZ-MnCo2O4 membranes closer to 
commercialization: (i) further improvement of the surface catalyst layers is needed to reach 
the full potential of this dual-phase membrane and (ii) the oxygen permeation of the 
membrane must be measured in conditions relevant for industrial applications.  
This article investigates the influence of different catalytic porous activation layers on the 
performance of 10Sc1YSZ-MnCo2O4 dual-phase membranes in conditions relevant for oxy-
fuel combustion. The stability of the 7 µm thick membranes was evaluated by a long-term 
test (170 h) performed at 850 °C in simulated oxy-fuel combustion flue-gas conditions (250 
ppm of SO2, 3 vol.% H2O, 5 vol.% O2 balanced by CO2). The analyses of the exposed 
membrane by X-ray diffraction (XRD), scanning electron microscopy (SEM) and Raman 
spectroscopy revealed excellent stability. Aiming to achieve a better understanding of the 
oxygen surface reactions (especially in oxy-fuel conditions), five catalytic porous backbone 
materials; (i) (Y2O3)0.08(ZrO2)0.92 (8YSZ), (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-MCO 
(40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) Ce0.8Tb0.2O2-δ (CTO)-NiFe2O4 
(NFO) (40-60 vol.%) were prepared and characterized by electrochemical impedance 
spectroscopy (EIS). Finally, oxygen permeation measurements were performed on 
10Sc1YSZ-MCO membranes coated with (i) 8YSZ, (ii) 10Sc1YSZ-MCO and (iii) CTO-NFO 
activated porous backbones to investigate the influence of the backbones on the oxygen 
permeability of the membrane under clean conditions (sweep gas: Ar) and oxy-fuel 
conditions (sweep gas: SO2 + CO2 + Ar). 
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Abstract 
The stability of dual-phase oxygen transport membranes consisting of 70 vol.% 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 and 30 vol.% MnCo2O4 (10Sc1YSZ-MCO (70-30 vol.%)) was 
investigated. Additionally, the influence of catalytic porous backbones on the performance 
in simulated oxy-fuel power plant flue-gas (250 ppm SO2, H2O, balance CO2) was studied. 
The chemical stability of the dual-phase membrane was investigated by X-ray diffraction 
(XRD), Raman spectroscopy and scanning electron microscopy (SEM). The tests performed 
before and after the exposure to the simulated flue gas showed excellent chemical stability. 
Electrochemical impedance spectroscopy (EIS) measurements were performed on 
activated and non-activated porous catalytic backbones made of: (i) 8YSZ, (ii) 8YSZ-MCO 
(40-60 vol.%), (iii) 10Sc1YSZ-MCO (40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and 
(v) Ce0.8Tb0.2O2-δ (CTO) - NiFe2O4 (NFO) (40-60 vol.%) to achieve a better understanding of 
the oxygen surface reactions (especially in SO2 and CO2 containing atmospheres). The 
lowest polarization resistances (Rp) were found for 10Sc1YSZ-MCO (40-60 vol.%) and CTO-
NFO (40-60 vol.%) porous backbones. Oxygen permeation tests realized on 10Sc1YSZ-
MCO membranes demonstrated that the catalytic porous backbones can significantly 
influence the oxygen permeation flux of the membranes, and improvements of up to 50 % 
were achieved. Both EIS and oxygen permeation measurements showed a significant 
influence of SO2 on the oxygen oxidation/reduction reactions (increase of Rp, decrease of 
oxygen permeation fluxes) due to SO2 adsorption and blocking of active sites for the oxygen 
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reactions. Nevertheless, no microstructural degradation was found after SO2 exposure and 
initial Rp values/oxygen permeation fluxes could be recovered in most cases. 
Keywords 
Oxygen transport membrane, Dual-phase membrane, Catalytic backbone, SO2 stability, 
Oxy-fuel combustion 
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1. Introduction 
The reduction of CO2 emissions from power plants is currently an important challenge for 
the society. This mission can be achieved by introducing gas separation techniques to 
capture and store CO2 from large point sources like fossil fuel power plants, steel plants or 
cement kilns. Among the available technologies for Carbon Capture and Storage (CCS), 
oxy-fuel combustion is a promising option. This approach uses pure oxygen to combust the 
fossil fuel, resulting in flue-gases consisting mainly of CO2 (90 – 95 %) and steam [1, 
2].Typically, cryogenic air separation units (ASUs) are used to produce the required oxygen. 
While this technique is mature, the process is particularly expensive and consumes a 
considerable amount of energy [3, 4]. Ceramic oxygen transport membranes (OTMs) that 
supply the oxygen needed for the combustion process may, when thermally integrated, 
operate more efficiently, using less energy [5 – 7]. 
ÓTMs are typically formed by Mixed Ionic Electronic Conductors (MIEC), which allow 
oxygen diffusion through vacancies in the crystal lattice and simultaneous transport of 
electrons in the opposite direction. The membranes are fully dense which results in a high 
selectivity in the separation. An oxygen partial pressure differential between an oxidizing 
gas (air at 0.21 atm) and reducing gas (recirculated flue gas at pO2 ≈ 10-2 atm [8]) exists 
across the membrane, providing a driving force for the oxygen separation allowing oxygen 
ion transport from the high oxygen partial pressure side to the low oxygen partial pressure 
side. Membranes based on single MIEC materials can achieve high oxygen fluxes [9 – 19], 
however most of the promising materials are not chemically stable under atmosphere 
containing CO2 and SO2 [12, 20 – 26], which is particularly required for oxy-fuel combustion 
applications. Dual-phase composites consisting of separated ionic and electronic conductor 
phases are a promising alternative approach to ensure high oxygen flux and chemical 
stability in realistic power plant conditions.  
Dual-phase membranes consisting of a thin (7 µm) dense layer made of 70 vol.% of 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) as ionic conductor and 30 vol.% of MnCo2O4 
(MCO) as electronic conductor, supported on a (Y2O3)0.03(ZrO2)0.97 (3YSZ) porous support, 
were developed and tested in a previous study [27]. The study showed the excellent stability 
of the asymmetric membrane in CO2 containing atmosphere and oxygen permeation fluxes 
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as high as 1.41 mlN min-1 cm-2 and 2.23 mlN min-1 cm-2 obtained at 940 °C in air/N2 and O2/N2 
atmospheres, respectively. 
Assuming that the oxygen flux produced by the membrane is in direct proportion with its 
thickness, thin asymmetric membranes are advantageous to minimize the resistance arising 
from bulk diffusion. In this case, other mechanisms such as catalytic surface exchange and 
gaseous transport become limiting factors of the oxygen separation as reported in literature 
[27]. Consequently, further improvement of the catalytic activity at the surface is required. In 
order to enhance the surface exchange kinetics, electro-catalytic materials (referred as 
catalytic porous backbones throughout this study) can be applied on both sides of the 
membrane [28]. 
The present article studies the stability of 10Sc1YSZ-MCO dual-phase membranes and the 
influence of the catalytic porous backbones on the oxygen permeation under conditions 
relevant for oxy-fuel combustion. The stability of a 7 µm thick asymmetric membrane was 
evaluated by a 170 h long test performed in simulated oxy-fuel power plant flue-gas (250 
ppm SO2 + 5 % O2 + 3 % H2O balanced in CO2 [8]). Several characterization techniques (X-
ray diffraction (XRD), Raman spectroscopy and scanning electron microscopy (SEM)) were 
used to verify the possible utilization of the membrane for direct application in oxy-fuel power 
plants. To further improve the membrane performance, five catalytic porous backbone 
materials; (i) (Y2O3)0.08(ZrO2)0.92 (8YSZ), (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-MCO 
(40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) Ce0.8Tb0.2O2-δ (CTO)-NiFe2O4 
(NFO) (40-60 vol.%) were prepared, and characterized by electrochemical impedance 
spectroscopy (EIS). The impact of the catalytic activation of the backbones (infiltration of 
electro-catalytic solutions) on the efficiency of the oxygen separation was investigated and 
the oxygen permeation was measured in simulated oxy-fuel conditions (sweep gas: SO2 + 
CO2 + Ar). 
2. Experimental 
2.1. Preparation of porous backbone materials 
Five screen-printable inks made of (i) 8YSZ, (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-
MCO (40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) CTO-NFO (40-60 vol.%) 
were prepared by milling the powders with a 6 wt.% ethylcellulose-terpineol solution in a 1:1 
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weight ratio by using a triple roll mill. The 8YSZ powder used to prepare the ink (i) was 
purchased from Tosoh (Japan). The composite powders (ii), (iii), and (iv) were prepared by 
milling 8YSZ (Tosoh, Japan), MCO (Marion Technologies, France) and 10Sc1YSZ (Daiichi 
Kigenso Kagaku Kogyo Co. Ltd, Japan) commercial powders in ethanol using zirconia balls 
for 24 h. CTO-NFO (40-60 vol.%) was prepared by one pot Pechini method as described by 
Garcia-Fayos et al. in a previous study [29].  
2.2. Membranes fabrication 
Thin (7 µm) asymmetric supported membranes made of 70 vol.% of 10Sc1YSZ and 30 vol.% 
of MCO were prepared to study the thermochemical stability of the membrane under oxy-
fuel power plants conditions. More robust membranes of 0.5 mm thick able to support higher 
pressure were required for oxygen permeation tests. This section describes the fabrication 
processes of these two membrane architectures. 
2.2.1. Thick symmetric membrane 
The ionic (10Sc1YSZ, Daiichi Kigenso Kagaku Kogyo Co. Ltd, Japan) and electronic 
(MnCo2O4, Marion Technologies, France) conductors were blended in a 70-30 vol.% ratio 
to form the 10Sc1YSZ-MCO composite material. The particle size of the powders was 
adjusted to the submicron range by 24 h of ball-milling in ethanol. After drying, the composite 
powder was uniaxially pressed on a 26 mm diameter steel die (50 MPa) to form green disks. 
The disks were sintered at 1250 °C for 6 h in air, and afterwards polished down to 0.5 mm 
by using SiC polishing papers. In-house made inks of (i) 8YSZ, (ii) 10Sc1YSZ-MCO (70-30 
vol.%) and (iii) CTO-NFO (40-60 vol.%) were screen-printed on both sides of the 
membranes to serve as catalytic porous backbones. To obtain similar porosity for all 
catalytic porous backbones and therefore be able to compare their performances while 
neglecting the gas diffusion parameter, the coated membranes were calcined at different 
temperatures and the porosity of the backbones was checked by SEM. Thus, the 8YSZ 
porous backbone was formed at 1150 °C, CTO-NFO at 1100 °C, while 10Sc1YSZ-MCO 
were treated at 975 °C (2 h in air). To overcome slow surface exchange/reaction kinetics, 
the backbones were activated by infiltration of a 2 M precursor solution of Ce-Pr catalyst 
(molar ratio 1:1) prepared by dilution of Ce and Pr nitrates in ethanol/water. Figure 5. 10 
presents schematic illustrations of the thick symmetrical membranes tested. 
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Figure 5. 10: Schematic illustrations of the 0.5 mm thick 10Sc1YSZ-MCO symmetrical membranes prepared for 
oxygen permeation measurements. Each membrane was coated with a different backbone material: a) 8YSZ, b) 
10Sc1YSZ-MCO and c) CTO-NFO. 
2.2.2. Thin asymmetric membrane 
As presented Figure 5. 11, the asymmetric membrane consists of a three distinct layers: a 
300 µm thick porous support (3YSZ + 20 vol.% of Al2O3), a 10 µm thick porous 8YSZ inter-
layer and a thin (7 µm) 10Sc1YSZ-MCO dense layer (post sintering thicknesses). All layers 
were manufactured separately by tape-casting. Then, the green tapes were assembled by 
lamination at 135 °C and disks were cut out using a stamping tool. A two-step sintering 
including a peak temperature at 1225 °C (3 min) and a dwell temperature of 1090 °C (6 h) 
was used to develop the asymmetric membranes. The complete manufacturing procedure 
of the 10Sc1YS-MCO asymmetric membranes was detailed in a previous study [27]. 
 
Figure 5. 11: Schematic illustration of the thin asymmetric 10Sc1YSZ-MCO membrane used for the long-term 
stability test in oxy-fuel conditions. 
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2.3. Characterization 
2.3.1. Thermochemical stability test and material characterization 
The thermochemical stability of a 7 µm thin asymmetric membrane was studied in a quartz 
horizontal testing unit. The testing unit was installed in an oven and heated up to 850 °C in 
wet N2 (3 % H2O). When the temperature was reached, the gas composition was switched 
to a gaseous mixture containing 250 ppm of SO2 and 5 % of O2 balanced in CO2. The 
gaseous mixture was provided by a pre-mixed gas cylinder (Linde). Wet gas conditions (3 
% H2O) were supplied by bubbling the gas stream through water at room temperature. The 
asymmetric membrane was in direct contact with the gas mixture flowing at 10 mlN min-1 for 
170 h. After the exposure of the membrane to the gas atmosphere, the testing unit was 
cooled down in wet N2 by natural convection (20 – 25 °C min-1). 
To compare the microstructure of the tested asymmetric membrane with a similar untested 
membrane, X-ray diffraction (XRD), Raman spectroscopy and scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM-EDX) analyses were performed.  
The XRD measurements were carried out using a PANalytical Cubix fast diffractometer, 
using CuKα1 radiation (λ = 1.5406 Å) and a X’Celerator detector in Bragg−Brentano 
geometry. XRD patterns recorded in the 2θ range from 10° to 90° were analyzed using 
X’Pert Highscore Plus software.  
SEM-EDX analyses were performed using a ZEISS Ultra55 field emission scanning electron 
microscope.  
Raman spectra were measured with a Renishaw inVia Raman spectrometer equipped with 
a Leica DMLM microscope and a 514-nm Ar+ ion laser as an excitation source. A x50 
objective of 8-mm optical length was used to focus the depolarized laser beam on a spot of 
about 3 µm in diameter. The Raman scattering was collected with a charged coupled device 
(CCD) array detector. 
2.3.2. Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) measurements were performed on 1 mm 
thick fully dense Ce0.8Gd0.2O2-δ (GDC) electrolytes coated on both sides by the studied 
backbone materials: (i) 8YSZ, (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-MCO (40-60 
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vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) CTO-NFO (40-60 vol.%). As stated in 
the section 2.2.1., to obtain similar porosity for all catalytic layers the coated GDC 
electrolytes were calcined at different temperatures. The performance of the backbones was 
investigated with and without infiltrations of a homemade catalytic solution of Ce and Pr 
nitrates (excepting 8YSZ, only tested with catalyst infiltrations). The same amount of catalyst 
was infiltrated in each backbone. The infiltrated backbones were treated at 850 °C for 2 h in 
air. Finally, a top gold mesh was painted on the surfaces of all samples in order to ensure 
proper current collection during the EIS measurements.  
The symmetrical cells were tested by means of electrochemical impedance spectroscopy in 
a two-point configuration. Input signal was 0 V DC – 20 mV AC amplitude in the 0.01 – 3·105 
Hz frequency range. This signal was generated by a Solartron 1470E and a 1455A FRA 
module equipment. EIS measurements were performed at 850 °C, under several 
atmospheres ((i) 21 % O2 in N2, (ii) 5 % O2 in N2, (iii) 5 % O2 in CO2 and (iv) 250 ppm SO2 
+ 5 % O2 in CO2). In all the cases, the total gas flow remained constant (100 ml·min-1). 
Zview™ 2 fitting programme was employed to analyse the impedance spectra. 
2.3.3. Oxygen permeation tests 
Oxygen permeation studies were carried out in a lab-scale quartz reactor (Figure 5. 12). 
Synthetic air (21 vol.%, O2) was fed with a flow rate of 100 mLN min-1, while argon, CO2 and 
SO2 mixtures were used as sweep gases on the permeate side in a 4-end mode 
configuration with a flow rate of 150 mLN min-1. The flow rates were controlled by mass flow 
controllers. Both streams were fed at atmospheric pressure. The temperature was measured 
by a thermocouple attached to the membrane. A PID controller maintained the temperature 
within 2 °C of the set point. Gas-tight sealing was achieved using O-rings with tailored alloys 
for sealing at 850 °C. The permeate was analyzed at steady state by online gas 
chromatography using a micro-GC Varian CP-4900 equipped with Molsieve5A, Pora-Plot-Q 
glass capillary, and CP-Sil modules. Oxygen concentration was calculated from the O2 
signal area and its response factor previously calibrated. The total oxygen permeation was 
calculated as the product of the O2 concentration (%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) and the sweep flow (?̇?
𝑠𝑤𝑒𝑒𝑝). 
The oxygen permeation flux (𝐽𝑂2) was then determined from the division of the total oxygen 
permeation by the effective area (𝐴) of the membrane as: 
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𝐽𝑂2 = %𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 ∙
?̇?𝑠𝑤𝑒𝑒𝑝 
𝐴
   (1) 
To ensure leak free conditions the nitrogen concentration in the permeate gas was 
continuously controlled. Oxygen related to minor leaks was removed from 𝐽𝑂2 calculation by 
taking into account the presence of N2 in the permeate stream. Therefore, the permeating 
oxygen (%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) was calculated as: 
%𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 = %𝑂2,𝐺𝐶 − (
0.21
0.79
∙ %𝑁2,𝐺𝐶)   (2) 
where %𝑂2,𝐺𝐶 and %𝑁2,𝐺𝐶 are the percentages of oxygen and nitrogen measured by the gas 
chromatography in the permeate, respectively. 
 
Figure 5. 12: Schematic illustration of the lab-scale quartz reactor used for the oxygen permeation tests. 
3. Results and discussion 
3.1. Thermochemical stability in oxy-fuel conditions 
To investigate the applicability of the membrane in oxy-fuel power plants, the effects of a 
gas stream containing CO2, SO2 and H2O on the membrane were studied.  
In this section, post mortem analyses (XRD, Raman spectroscopy and SEM) of a membrane 
exposed to a continuous flow of simulated oxy-fuel power plant flue-gas (250 ppm of SO2, 5 
% of O2, 3 % of H2O balanced with CO2) during 170 h at 850 °C are presented and compared 
to an untested sample. 
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Figure 5. 13 shows the XRD diffractograms of the treated and untreated 10Sc1YSZ-MCO 
membranes. Both diffractograms are comparable, additional diffraction peaks related to the 
formation of new crystalline phases could not be observed, and all observed peaks belong 
to 10Sc1YSZ [30 – 32] or MnCo2O4 (JCPDS card No. 23-1237). 
 
Figure 5. 13: XRD diffractograms of treated and untreated 10Sc1YSZ-MCO membranes and XRD patterns of 
10Sc1YSZ and MnCo2O4. 
Knowing that it is difficult/not possible to detect very low amounts of crystalline phases 
or non-crystalline phases with XRD analysis, additional Raman spectroscopy was 
performed (Figure 5. 14). This technique is well suited for the detection of small amount 
of carbonates or sulfates, however no additional peaks were found in the spectra of the 
treated membrane, suggesting that the exposure to the different gases did not create 
any new phases.  
Figure 5. 15 shows SEM images of the cross-sections of treated and untreated 
membranes. No evidence of interface reactions or cracks in the dense membrane layer 
during the long-term exposure was found. The 10Sc1YSZ-MCO layer remains fully 
dense and well attached to the porous supporting layers. Neither carbon nor sulfur were 
detected by EDX analysis, thus discarding the presence of carbonates or sulfates in the 
treated membrane. 
Overall, the combined analyses confirmed the stability of the composite material and the 
membrane assembly at 850 °C under conditions relevant for oxy-fuel combustion. 
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Figure 5. 14: Raman spectra of the fresh and the treated 10Sc1YSZ-MCO membranes. 
 
Figure 5. 15: SEM images of cross-sections of 10Sc1YSZ-MCO asymmetric membranes exposed to a continuous flow 
of CO2 with 250 ppm of SO2, 5 % of O2, and 3 % of H2O during 170 h (a) and unexposed (b). 
3.2. Characterization of catalytic porous backbones by electrochemical 
impedance spectroscopy 
EIS measurements were performed on dense Ce0.8Gd0.2O2-δ symmetrical cells and results 
were processed to obtain the resistances associated to the porous backbones. Only the 
contributions in the negative imaginary part were taken into account to calculate these 
resistances. The values were corrected by the area of the porous backbones and the 
resulting values were divided by two, since both surfaces of the cells were coated. The final 
numbers correspond to the polarization resistance (Rp) of the porous backbones. Rp can 
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give an idea of the conductivity of every catalytic system (the lower the Rp, the higher the 
conductivity of the porous backbone). In this section the Rp of the different catalytic porous 
backbones are compared. The influence of the ionic conductivity, the electronic conductivity, 
the catalytic activation and harsh atmosphere conditions (SO2, CO2 and H2O) on the Rp are 
discussed. 
Electrical and ionic conductivities of the relevant materials are summarized in Table 5. 3. 
Figure 5. 16 and Figure 5. 17 present the Rp of the porous backbones with and without 
catalyst infiltrations. Due to a lack of an electronic conducting phase, the 8YSZ porous 
backbones cannot efficiently catalyze the oxygen oxidation/reduction reactions. 
Consequently, cells coated with 8YSZ backbones were only tested with Ce-Pr catalyst 
infiltrations (Figure 5. 17).  
Table 5. 3: Electrical and ionic conductivities (S cm-1) of materials used to prepare the porous backbones. 
 Material 
Electrical 
conductivity 
at 800 °C in air 
Ionic conductivity 
at 800 °C (except where 
noted) in air 
Ref. 
Ionic 
conducting 
materials 
(Y2O3)0.08(ZrO2)0.92 (8YSZ)  0.030 (850 °C) [33] 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 
(10Sc1YSZ) 
 0.072 (840 °C) [34] 
Ce0.8Tb0.2O2-δ (CTO)  0.035 [35] 
Electronic 
conducting 
materials 
MnCo2O4 (MCO) 60  [36] 
NiFe2O4 (NFO) 0.26  [36] 
 
3.2.1. Influence of the ionic conductivity, electronic conductivity, and the catalyst 
activation on the polarization resistances 
The influence of the ionic conductivity on the ability of the backbones to transport oxygen 
can be evaluated by comparing the Rp of 8YSZ-MCO (40-60 vol.%) and 10Sc1YSZ-MCO 
(40-60 vol.%) composites. Indeed, with 0.072 S cm-1 at 840 °C, [34] 10Sc1YSZ presents 2 
times higher ionic conductivity than 8YSZ (0.030 S cm-1 at 850 °C [33]). The experiments 
showed that the ionic conductivity of the porous backbones significantly influences the Rp, 
especially when the backbones are not infiltrated. Thus, the 10Sc1YSZ-MCO (40-60 vol.%) 
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porous backbone presents Rp values approximately 8 times lower than the 8YSZ-MCO (40-
60 vol.%) porous backbone (Figure 5. 16). Similar conclusions can be drawn for the 
activated porous backbones (Figure 5. 17), even though the difference between the 8YSZ-
MCO (40-60 vol.%) and the 10Sc1YSZ-MCO (40-60 vol.%) porous backbone is not as 
pronounced (2 times lower).  
The influence of the electronic conductivity on the Rp can be noticed by varying the content 
of electronic conducting phase in the composite. In this study, the ratio of ionic/electronic 
conductors of the 10Sc1YSZ-MCO composite was varied. The increase of MCO resulted in 
a significant decrease in Rp for both activated and non-activated backbones. As expected, 
the highest Rp among the activated backbones was obtained for the 8YSZ backbone. The 
10Sc1YSZ-MCO (70-30 vol.%) composite presents the second highest Rp of the tested 
backbones. As shown in the Bode plot (Figure 5. 18.a), processes contributing to the high 
frequencies part of the spectra are mainly responsible for the large Rp value. These 
processes are related to the transport of species through the 10Sc1YSZ-MCO/Ce-doped 
material interface [37], which could indicate that a lack of electronic conductivity limits the 
performance of this backbone. When the content of the electronic conducting phase was 
increased from 30 % to 60 %, lower Z’’ values were obtained (Figures 5. 18.a and 5. 18.b) 
resulting to 3 to 7 times lower Rp, underlining the conclusion drawn above.  
The infiltration of nano-particulate Ce and Pr catalysts into the porous catalytic backbones 
increases the catalytic surface area for oxygen oxidation/reduction reactions and therefore 
improves the ability of the backbones to incorporate and transport oxygen. Consequently, in 
every studied atmospheres activated porous catalytic backbones present lower Rp than non-
activated backbones. The largest improvement was observed for the two backbones having 
the lowest ionic conductivity (8YSZ-MCO (40-60 vol.%) and CTO-NFO (40-60 vol.%)), see 
ionic conductivities Table 5. 3). 
To resume, EIS measurements showed that the material serving as porous catalytic 
backbone should preferably have a good ionic conductivity and a good electronic 
conductivity. To illustrate this importance, Figure 5. 19 presents the reaction mechanism of 
the oxygen reduction reaction (ORR) taking place in the porous catalytic backbone at the 
high 𝑝𝑂2 side (feed side). Two cases are distinguished: (i) a membrane coated with a porous 
backbone made of a composite of a good ionic conductor and a good electronic conductor 
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(e.g. 10Sc1YSZ-MCO, CTO-NFO) and (ii) a membrane coated with a porous backbone 
made of a single ionic conducting phase (e.g. 8YSZ). As described by the Equation 3, the 
ORR requires oxygen gas (O2) and electrons (e-) to form oxide ions (O2-). Once the oxygen 
ions are formed, a percolating ionic conducting phase is required to lead them to the 
membrane and therefore allow the oxygen permeation. Consequently, a good mix of ionic 
and electronic conducting phases is beneficial to increase the number of triple phase 
boundary. Figure 5. 19 illustrates the difference of area available for the ORR if a mixed 
ionic and electronic conductive (MIEC) material or a purely ionic conductive material is used 
as porous catalytic backbone. For the MIEC material, the area for the ORR is extended 
along the entire surface of the backbone, while for a purely ionic conducting material only 
the interface of the porous backbone and the dense membrane layer is suitable for the 
reaction. The oxygen oxidation reaction (OOR) reforming the gas after the permeation of the 
oxide ions through the membrane requires also the triple phase boundary zones and could 
have been taken as an example in the same way as the ORR. In this sense, the composites 
having the most beneficial mixed of ionic and electronic conductivity (10Sc1YSZ-MCO (40-
60 vol.%) and CTO-NFO (40-60 vol.%)) are therefore the two most suitable porous catalytic 
backbones among the tested candidates to transport oxygen. 
Oxygen reduction reaction: 𝑂2 + 4𝑒
− = 2𝑂2−   (3) 
3.2.2. Influence of oxy-fuel conditions on the polarization resistances 
As described in section 2.3.2., EIS measurements were performed at 850 °C under clean 
and oxy-fuel combustion conditions. A strong influence of SO2 on the oxygen 
oxidation/reduction reactions was observed. As shown by Figure 5. 18, SO2 enlarges the 
magnitude of resistive processes appearing at low frequencies, probably due to SO2 
adsorption and blocking of active sites for the oxygen reactions [29]. Depending on the 
materials, the Rp of activated backbones are 2.5 to 10 times larger in contact to SO2 than in 
air, and 2.5 to 6 times larger for non-activated backbones. Nevertheless, the material 
structure of the backbones was not irreversibly altered upon sulfur exposure and most of the 
initial Rp values were recovered after a short time in clean atmosphere (5 % O2 in N2). 
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Figure 5. 16: Representation of the polarization resistances associated to 8YSZ-MCO (40-60 vol.%), 10Sc1YSZ-MCO 
(70-30 vol.%), 10Sc1YSZ-MCO (40-60 vol.%) and CTO-NFO (40-60 vol.%) non-infiltrated porous backbones. 
 
 
Figure 5. 17: Representation of the polarization resistances associated to 8YSZ-MCO (40-60 vol.%), 10Sc1YSZ-MCO 
(70-30 vol.%), 10Sc1YSZ-MCO (40-60 vol.%) and CTO-NFO (40-60 vol.%) porous backbones infiltrated by a Ce-Pr 
nitrates based catalytic solution. 
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Figure 5. 18: Bode plots for the 10Sc1YSZ-MCO (70-30 vol.%) porous backbone (a) and the 10Sc1YSZ-MCO (40-60 
vol.%) porous backbone (b) infiltrated by a Ce-Pr nitrates based catalytic solution. Measurements were performed 
at 850 °C under different atmospheres. 
 
Figure 5. 19: Schematic illustrations of the mechanism of the oxygen reduction reaction considering two cases: a 
membrane coated with a composite porous backbone made of a good ionic and a good electronic conductor (a), and 
a membrane coated with a purely ionic conducting porous backbone (single-phase) (b). 
3.3. Oxygen permeation tests 
Figure 5. 20 shows the oxygen permeation flux through 10Sc1YSZ-MCO symmetrical 
membranes coated with different porous backbones (Figure 5. 20.a: 8YSZ, 5. 20.b: 
10Sc1YSZ-MCO (70-30 vol.%) and 5. 20.c: CTO-NFO (40-60 vol.%)). The tests were 
performed at 850 °C using different sweep gases. They were sequenced as: (i) test in Ar 
(150 mlN min-1, 2 h, black symbols), (ii) test in 70 % Ar + 30 % CO2 (150 mlN min-1, 12 h, red 
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symbols), (iii) test in 70 % Ar + 30 % CO2 + 250 ppm of SO2 (150 mlN min-1, 12 h, blue 
symbols) and (iv) recovery step in Ar (150 mlN min-1, black symbols). Air was used as a feed 
gas for the complete duration of the tests and fed at 100 mlN min-1.  
In clean conditions (sweep gas: Ar, phase (i)) the membrane with CTO-NFO backbones 
presents the highest oxygen permeation flux (0.28 mlN min-1 cm-2), while the one coated with 
8YSZ porous backbones has the lowest performance (0.19 mlN min-1 cm-2). The results 
observed during phase (i) are in accordance with the results of the EIS measurements: the 
backbone having the lowest polarization resistance (CTO-NFO) presents the highest oxygen 
permeation flux. The three membranes displayed a stable flux in 30 % CO2 (phase (ii)). 
Nevertheless, when the sweep gas was switched from 30 % CO2 to 250 ppm SO2 in 70 % 
Ar + 30 % CO2, the oxygen permeation fluxes dropped around 0.12 mlN min-1 cm-2 no matters 
the catalytic backbone coated. The loss of permeation can be ascribed to the fact the SO2 
affects oxygen permeation due to competitive adsorption phenomena on the membrane 
surfaces [29]. Despite this drop, the oxygen permeation flux is still acceptable when 
compared with the dramatic oxygen permeation degradations of state-of-the-art oxygen 
membranes when exposed to sulfur and carbon dioxide containing environments [25, 26, 
38, 39]. For example, BSCF membranes show very high oxygen permeability when He is 
used as a sweep gas (2.76 mLN cm-2 min-1 at 900 °C), but the oxygen flux drops near zero 
when changing the sweep gas to pure CO2 [25]. Significant degradations of the oxygen 
permeability were also observed with LSCF membranes exposed to SO2. Gao et al. reported 
an oxygen permeability drop of 80 % after exposure to SO2 [26]. Finally, when returning to 
clean conditions (phase (iv)), oxygen permeation flux can be recovered reflecting thus the 
stability of the materials. Only the membrane coated with the CTO-NFO porous catalytic 
backbones do not recover the initial oxygen permeability (65 % recovery). This result could 
be due to a delamination of the porous catalytic backbones due to the different material used 
in the membrane and the backbone. 
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Figure 5. 20: Oxygen permeation flux of 0.5 mm thick 10Sc1YSZ-MCO (70-30 vol.%) membranes as a function of the 
time. The membranes were coated with 8YSZ (a), 10Sc1YSZ-MCO (70-30 vol.%) (b), and CTO-NFO (40-60 vol.%) (c) 
porous catalytic backbones which were infiltrated by a Ce-Pr catalytic solution. The tests were performed in 4 
different sweep gas atmosphere: (i) Ar, (ii) 70 % Ar + 30 % CO2, (iii) 70 % Ar + 30 % CO2 + 250 ppm SO2 and (iv) Ar 
(recovery step). 
Conclusion 
The stability of a 7 µm thick 10Sc1YSZ-MCO (70-30 vol.%) dual-phase membrane was 
studied in simulated oxy-fuel combustion conditions (250 ppm SO2, 3 % H2O, 5 % O2 
balanced with CO2). The results of the tests underlined the excellent stability of the 
membrane in SO2 and CO2 containing atmospheres. To achieve a better understanding of 
the oxygen surface reactions (especially in SO2 and CO2 containing atmospheres), 
electrochemical impedance spectroscopy (EIS) measurements were performed on porous 
catalytic backbones consisting of: (i) 8YSZ, (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-
MCO (40-60 vol.%), (iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) Ce0.8Tb0.2O2-δ (CTO) - 
NiFe2O4 (NFO) (40-60 vol.%). The lowest polarization resistances (Rp) were acquired with 
10Sc1YSZ-MCO (40-60 vol.%) and CTO-NFO (40-60 vol.%) porous backbones, 
demonstrating the importance of a mixed ionic and electronic conductivity in the catalytic 
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porous backbones. Oxygen permeation tests were realized on 10Sc1YSZ-MCO membranes 
coated with different porous backbones ((i) 8YSZ, (ii) 10Sc1YSZ-MCO (70-30 vol.%) and 
(iii) CTO-NFO (40-60 vol.%)) which were infiltrated with Ce and Pr nano-particulate 
catalysts. The CTO-NFO activated backbone increased the oxygen permeation flux about 
50 % (0.28 mLN cm-2 min-1, 850 °C, air/Ar) compared to the membrane with 8YSZ activated 
backbone (0.19 mLN cm-2 min-1, 850 °C, air/Ar). A significant influence of SO2 on the oxygen 
oxidation/reduction reactions was observed, and Rp and oxygen permeability of the samples 
exposed to 250 ppm of SO2 were significantly affected. Nevertheless, no microstructural 
degradation was found after SO2 exposure and initial Rp/oxygen permeation fluxes could be 
recovered in most of the cases.  
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5.3. Stability and performance of robust dual-phase 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 oxygen transport 
membranes  
This sub-chapter contains the manuscript “Stability and performance of robust dual-phase 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 oxygen transport membranes” published in 
the Journal of Membrane Science (J. Memb. Sci. 543 (2017) 18–27). 
In parallel to the work carried out on 10Sc1YSZ-MnCo2O4 membranes, the development of 
10Sc1YSZ-Al0.02Zn0.98O1.01 (AZO) dual-phase membranes was considered to overcome, in 
particular, problems related to the decomposition of MnCo2O4 requiring the use of a two-
step sintering process. AZO, which presents the advantages of: (i) having a high electronic 
conductivity (σAZO= 164 S cm-1 at 820 °C), (ii) being chemically stable in both CO2 and SO2 
atmospheres, and (iii) being a non-toxic, abundant and inexpensive material, could be a 
promising candidate as the electronic conducting phase for dual-phase OTMs.  
In order to evaluate the possible application of 50 vol.% 10Sc1YSZ - 50 vol.% AZO dual-
phase membranes in relevant oxy-fuel power plant conditions, the stability of the composite 
material was investigated in different atmospheres, including CO2, SO2 and H2O. Dual-
phase membranes were prepared both in the form of thick self-standing membranes (1 mm) 
and thin asymmetric membranes (8 µm). The effect of different oxygen partial pressure on 
the microstructure of the membrane material during sintering and during oxygen permeation 
tests was investigated. Finally, the performance of the membranes was evaluated by a long-
term electrical conductivity measurement under CO2 and by oxygen permeation tests.  
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Abstract 
Dual-phase composite oxygen transport membranes consisting of 50 vol.% Al0.02Zn0.98O1.01 
and 50 vol.% (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 were successfully developed and tested. The 
applicability of the membrane in oxy-fuel power plants schemes involving direct exposure to 
flue gas was evaluated by exposing the membrane to gas streams containing CO2, SO2, 
H2O and investigating possible reactions between the membrane material and these gases. 
The analyses of the exposed composites by x-ray diffraction (XRD), x-ray fluorescence 
(XRF), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), and 
Raman spectroscopy revealed excellent stability. Additionally, an electrical conductivity 
measurement over 900 h confirmed that the composite is stable under prolonged exposure 
to CO2. However, an instability of the dual-phase membrane under oxygen partial pressures 
below pO2 ~10-4 atm. was found. Oxygen permeation tests on a 1 mm thick self-standing 
membrane resulted in an oxygen flux of 0.33 mLN min-1 cm-2 at 925 °C in air/N2. Stability 
tests in CO2 with 3 vol.% O2 demonstrated the potential for the use of 10Sc1YSZ-AZO dual-
phase membranes in oxy-combustion processes involving direct exposure to flue gas.  
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1. Introduction 
Oxygen transport membranes (OTMs) are a promising technology for producing pure 
oxygen or supplying oxygen to some oxidation process at both small and large scale. 
Especially high temperature processes, such as biomass gasification, oxy-fired cement 
production, or oxy-fuel combustion where some (waste) heat can be made available for air 
preheating, are interesting application areas. Here, OTMs can provide oxygen at a lower 
energy consumption than with conventional oxygen production from cryogenic distillation or 
vacuum pressure swing adsorption, if the OTMs are used in small to medium units and in 
thermally integrated separation modules [1 – 3].  
Typical OTMs are dense membranes made from mixed ionic electronic conductors (MIECs), 
which enable oxygen diffusion through vacancies in the crystal lattice and simultaneous 
transport of electrons in the opposite direction. An oxygen partial pressure difference 
between the gas atmosphere on the feed and the permeate side provides the driving force 
for the transport of oxygen ions across the membrane. The flux through the membrane is 
given by the Wagner Equation (1) for the case of fast surface exchange:  
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫
𝜎𝑒𝜎𝑖
𝜎𝑒+𝜎𝑖
 (𝑝𝑂2) 𝑑𝑙𝑛 𝑝𝑂 2
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 
𝑝𝑂2,𝑓𝑒𝑒𝑑
   (1) 
where 𝐽𝑂2 is the oxygen permeation flux (mol m
-2 s-1), R is the gas constant (J mol-1 K-1), T 
is the absolute temperature (K), F is the Faraday constant (C mol-1), L is the membrane 
thickness (m), 𝜎𝑒 and 𝜎𝑖 are the electronic and the ionic conductivities (S m
-1), and 
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  and 𝑝𝑂2,𝑓𝑒𝑒𝑑 are the oxygen partial pressures at the high pressure and low 
pressure sides (Pa), respectively. 
In recent years, a significant number of publications have been dedicated to membranes 
based on single-phase MIEC materials, such as Ba1−xSrxCo1−yFeyO3−δ (BSCF) and 
La1−xSrxCo1−yFeyO3−δ (LSCF) [4 – 12]. Their good electronic and ionic conductivities allow 
high oxygen fluxes. However, most of the promising MIEC materials are not chemically 
stable under atmospheres containing CO2 and SO2, which is required when using OTMs in 
“direct integration mode” in biomass gasification, cement production or oxy-combustion 
based coal fired power plant processes targeting carbon capture. “Direct integration mode” 
signifies process schemes, where the membranes are exposed directly to a flue gas (or 
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pyrolysis gas) on the permeate side of the membrane. Such direct integration is beneficial 
for process economy and efficiency but places stringent requirements on the materials, 
specifically stability in CO2 and SO2 which are inevitable constituents/impurities arising from 
the calcination of limestone, and the combustion of sulphur-containing coal or biomass.  
The composition of the flue gas in an oxy-fuel power plant can vary depending on several 
parameters: oxygen purity, fuel composition and the extent of “false air intrusion”. Therefore, 
the conditions the membrane is exposed to can vary from case to case. A representative 
composition would be; CO2 (80 – 90 mol.%), N2 (8 – 10 mol.%), H2O (2 – 3 mol.%), O2 (2 – 
3 mol.%) and SO2 (200 – 500 ppm) [13]. Some of these gases (mainly CO2 and SO2) will 
react quickly with most alkaline-earth doped perovskite based materials (common OTMs 
materials) leading to reduced permeability due to the formation of alkaline earth carbonates 
and sulphates such as (BaxSr1-x)CO3 and SrSO4 [7, 14 – 19]. Composite materials of a stable 
ionic and a stable electronic conductor (in a dual-phase membrane) can be an interesting 
alternative to overcome the stability limitations of single-phase membrane materials in CO2 
and SO2.  
Yttria stabilized zirconia ((ZrO2)1−x(Y2O3)x (YSZ)) is a well-known strong and stable ionic 
conductor [20 – 22] which is used in many high temperature applications, such as in SOFC 
[23 – 25], and λ-sensors [26 – 28]. We propose here to develop a stable dual-phase 
membrane based on 10Sc1YSZ as the ionic conductor, because co-doping zirconia with 
scandium and yttrium ((ZrO2)1-(x+y)(Y2O3)x(Sc2O3)y (ScYSZ)) significantly increases the ionic 
conductivity at an operation temperature of 850 °C (the ionic conductivity of 
(ZrO2)0.92(Y2O3)0.08 (8YSZ) is 0.03 S cm-1 at 850 °C [29] whereas the ionic conductivity for 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) is 0.12 S cm-1 [30]). 
Doped zinc oxide has recently been proposed as an electronic conductor for use in OTMs 
[31]. There are several reasons for this : (i) The conductivity of ZnO can by doping with small 
amounts of trivalent elements like Al, Ga or In be raised to more than 100 S/cm (at 820 °C, 
𝜎𝑍𝑛0.98𝐴𝑙0.02𝑂= 164 S cm
-1 while 𝜎𝑍𝑛𝑂= 0.016 S cm
-1) [32 – 38]; (ii) ZnO is chemically stable in 
both CO2 and SO2 atmospheres [31]; and (iii) ZnO is non-toxic, abundant and inexpensive. 
Accordingly, Al0.02Zn0.98O1.01 (AZO) was chosen here as the electronic conductor for the 
developed dual-phase membrane. 
 165 Chapter 5: Results and discussions 
Stability and performance of robust dual-phase (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 oxygen transport membranes 
In order to evaluate the possible application of 10Sc1YSZ-AZO membranes in power plant 
relevant conditions, the stability of the 10Sc1YSZ-AZO composite was studied in different 
atmospheres, including CO2, SO2 and H2O. Analytical techniques such as X-ray diffraction 
(XRD), X-ray fluorescence (XRF), attenuated total reflection Fourier transform infrared 
spectroscopy (ATR-FTIR), and Raman spectroscopy were used to characterize the material 
after exposure to the gases. Dual-phase membranes were prepared both in the form of thick 
self-standing membranes (i) and thin asymmetric membranes (ii). The effect of different 
oxygen partial pressure on the microstructure of the membrane material during sintering and 
during oxygen permeation tests was investigated. Finally, the performance of the membrane 
was evaluated by a long-term electrical conductivity measurement under CO2 and by oxygen 
permeation tests. 
2. Experimental 
2.1. Thermochemical stability and characterization of 10Sc1YSZ-AZO 
composites 
2.1.1. Thermochemical stability tests 
The thermochemical stability of the 10Sc1YSZ-AZO composite was tested in a quartz up-
flow vertical testing unit (Figure 5. 21). This unit consists of a liner containing a porous 
sample holder to enable an even distribution of gas. The testing unit is fitted inside an oven, 
capable of operation up to 1200 °C. The temperature is controlled by means of a 
thermocouple placed within the bed of material. 
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Figure 5. 21: Scheme of the testing unit used for the thermochemical stability tests of the 10Sc1YSZ-AZO samples. 
To ensure a large contact area between the gases and the composites, loose powders were 
used instead of sintered components. For each run, 1 g of fresh 10Sc1YSZ-AZO powder 
was placed on the sample holder. Then, the testing unit was heated up to 850 °C in 
atmospheric air. At 850 °C, the gas composition was switched to the desired mixture of CO2, 
SO2 and H2O to assess the effect of these gases on the stability of the 10Sc1YSZ-AZO. 
Reference experiments in air and CO2 were also performed. Different concentrations of CO2 
and SO2 were provided using two gas cylinders, one with CO2 (purity 99.8 vol.%) and the 
other with 2000 ppm of SO2 in CO2. Steam was added using an evaporator fed by a syringe 
pump, which enabled the amount of water to be controlled. The powders were exposed to 
the different mixtures of CO2/SO2/H2O at a total gas flow rate of 0.25 LN min-1 for 8 hours at 
atmospheric pressure. The gas compositions used in the different tests are summarized in 
Table 5. 4. The concentrations of gases in the mixtures were adjusted using rotameters. For 
safety reasons, the outlet gases were cooled down to room temperature to remove steam. 
Afterwards, the dry flue gases passed through a series of two saturated NaOH solutions to 
remove SO2. After the exposure of the powders to the gas atmosphere, the testing unit was 
cooled down in the same gas atmosphere to avoid possible decomposition (by oxidation) of 
the species formed during the treatments and thus recover the material for characterization. 
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Table 5. 4: Gas compositions in thermochemical stability tests performed on 10Sc1YSZ-AZO powder at 850 °C for 8 
hours. A gas flowrate of 0.25 LN min-1 at atmospheric pressure was used. 
Test 
CO2 
(vol.%) (1) 
SO2 
(ppm v/v) 
(1) 
H2O 
(vol.%) (2) 
Reference(3) 0 0 0 
CO2 100 0 0 
500SO2 Balance 500 0 
100SO2 10H2O Balance 100 10 
500SO2 10H2O Balance 500 10 
2000SO2 10H2O Balance 2000 10 
500SO2 30H2O Balance 500 30 
(1) Dry basis; (2) Percentage of the total flow, including steam; (3) Performed in air 
2.1.2. Material characterization 
Before and after the high temperature gas exposure treatment, the powder samples were 
characterized by a series of analytical techniques to detect any reactions of the powder 
materials with the different gases. 
X-ray diffraction (XRD) patterns were obtained using a PANalytical diffractometer equipped 
with a Ni-filtered Cu Kα radiation (40 mA, 45 kV) over a 2Ɵ-range of 5-80º and a position-
sensitive detector using a step size of 0.05º and a step time of 120 s. The XRD patterns 
were processed using the X’Pert Highscore Plus software to identify the species present in 
the samples. 
X-ray fluorescence (XRF) was performed to determine the chemical composition of the fresh 
and treated samples, using a PANalytical Epsilon3XLE X-ray fluorescence 
spectrophotometer with a 50 kV silver anode tube as source of radiation.  
A Perkin Elmer FTIR 100 spectrometer was used to perform attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR). Background-subtracted spectra were 
collected at room temperature and the spectra were baseline-corrected using Spectrum 
10™ software. 
Raman spectra were collected on a Renishaw InVia Raman spectrometer equipped with a 
charge-coupled device and a Leica microscope. A 785-nm HPNIR diode laser with 
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maximum power of 300 mW was used as an excitation source. A 1200 mm-1 grating was 
used for all measurements, providing a spectral resolution of ± 1 cm-1. The laser spot was 
focused on the sample surface using a long working distance 50×. The laser beam spot size 
was around 1.28 μm. 
2.2. Membrane manufacturing 
Thick (1 mm) self-standing symmetric membranes and thin (8 µm) asymmetric supported 
membranes of 10Sc1YSZ-AZO were prepared (see sections 2.2.1 and 2.2.2) to study the 
stability of the composite material as a function of the oxygen partial pressure and for oxygen 
permeation tests. 
2.2.1. Thick symmetric membranes 
The 10Sc1YSZ and AZO powders were purchased from Daiichi Kigenso Kagaku Kogyo Co. 
Ldt (Japan) and Nanostructured & Amorphous Material, Inc (USA), respectively. The ionic 
and electronic conductors were blended in an equal volume ratio to form the 10Sc1YSZ-
AZO composite material. The particles size of the powders were adjusted to the submicron 
range using ball-milling. Subsequently, 15 mm diameter membranes were formed using a 
uniaxial press (1000 kg load). The membrane disks were sintered at 1200 °C for 6 hours 
under different oxygen partial pressures: 0.21 bar (air) and 10-5 bar (N2). After sintering, the 
sample disks were polished down to 1 mm and an in-house prepared ink of 
(La0.80Sr0.20)MnO3-δ – (Y2O3)0.08(ZrO2)0.92 (LSM-YSZ (50-50 vol.%)) was screen-printed on 
both sides of the membrane to serve as oxygen oxidation/reduction catalyst. Finally, the 
membrane was heated to 980 °C for 2 hours in air in order to dry the printed catalyst and 
make it adhere to the membrane surface. 
2.2.2. Thin asymmetric membranes 
Post sintering, the asymmetric membranes consist of a 200 µm thick porous support (3YSZ 
+ 20 vol.% of Al2O3) and a thin dense composite membrane layer (10Sc1YSZ/AZO, 8 µm) 
surrounded by two porous layers (8YSZ, 10 µm) which subsequently can be impregnated 
with a suitable catalyst. All layers were manufactured separately by tape-casting. The YSZ 
(3YSZ and 8YSZ) powders were purchased from Tosoh (Japan) and were calcined for 2 h 
at 1100 °C and 900 °C, respectively prior to further processing. All materials were ball milled 
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in ethanol to obtain particles in submicronic range (dv50 < 1 µm). From these powders three 
slurries were prepared and used for tape-casting: (i) a slurry for the porous support layer 
containing 33 wt.% of pore formers in relation to the total solid content (Graphite (dv50 = 7 
µm) and poly(methyl methacrylate) (PMMA) (dv50 = 1.8 µm) supplied by Graphit Kropfmühl 
AG (Germany) and Esprix Technologies (USA), respectively) (ii) a slurry for the porous 
functional layers containing 33 wt.% of pore former (PMMA) and (iii) a slurry for the dense 
membrane layer free of pore former. The three slurries were prepared using the same 
organic additives: ethanol (solvent), polyvinylpyrrolidone (PVP, dispersant), polyvinyl butyral 
(PVB, binder) and polyoxyethylene aryl ether (Pycal 94, plasticiser). After drying, the green 
tapes were assembled by lamination at 135 °C and 30 mm diameter disks were cut out using 
a stamping tool. The asymmetric membranes were sintered at 1200 °C for 6 h in different 
atmospheres in order to study the stability of the thin 10Sc1YSZ-AZO film under various 
oxygen partial pressures. After sintering, Gd0.2Ce0.8O2-δ (GDC) and LaNi0.6Co0.4O3-δ (LNC) 
aqueous solutions with concentration of 2.5 and 1.25 M were prepared and infiltrated into 
the YSZ porous layers. The impregnation procedure has been described in detail in a 
previous study [39]. 
2.3. Characterization of 10Sc1YSZ-AZO-membranes 
10Sc1YSZ-AZO membranes were sintered in different atmospheres in order to study the 
influence of the oxygen partial pressure on the microstructure of the membranes during the 
sintering step. The microstructure of the membranes was investigated on polished cross-
sections by SEM using a Hitachi TM3000 operated at 15 kV.  
Electrical conductivity measurements were performed on a bar (1.7 cm x 0.4 cm x 0.4 cm) 
of 10Sc1YSZ-AZO (50-50 vol.%) prepared by isostatic pressing. The bar was sintered at 
1200 °C for 6 h in air prior to the conductivity measurements. The 10Sc1YSZ-AZO bar was 
heated at 1 °C min-1 from room temperature to 850 °C and conductivity measured 
successively in air (24 h), in CO2 (890 h) and again in air (24 h), to study the impact of the 
CO2 on the electrical conductivity of the dual-phase material. The flow of gas was maintained 
at 100 mLN min-1 by using mass flow controllers (Brooks). An in-house built zirconia-based 
𝑝𝑂2 sensor was used to determine the 𝑝𝑂2 in the gases. Current was applied via two strips 
of platinum and the resulting potential was measured between two point probes. The four 
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terminal resistance, RABCD, was defined by the Ohm’s law. Subsequently the electrical 
conductivity σ, expressed in units of S cm-1, was calculated as below: 
𝜎 =
𝑙
𝑎⋅𝑅𝐴𝐵𝐶𝐷
    (2) 
where 𝑎 is the cross sectional area of the rod (cm2) and 𝑙 is the distance between the 
potential probes (cm). 
Oxygen permeation measurements were conducted in a membrane test rig described 
previously in [40]. Two permeation tests were performed to evaluate the performances of 
both the thick self-standing and the thin asymmetric membranes. Two additional tests were 
done to investigate the stability of the membrane at low oxygen partial pressures. As 
schematically shown in Figure 5. 22, the membranes were placed in the middle zone of a 
height adjustable tube furnace, between two alumina tubes. Thermocouples were placed in 
direct contact with the membrane, inside the alumina tube, in order to monitor the 
temperature. Tape-cast sodium aluminosilicate (NAS, Na2O: 17.8 mol.%, Al2O3: 9.4 mol.% 
and SiO2: 72.8 mol.% [41]) glass rings, with an inner diameter of 9 mm, and a glass transition 
temperature of 515 °C [40] were used as sealing material between the alumina tubes and 
the membrane. The exterior surface of the samples were also coated with NAS paste to 
ensure that oxygen cannot enter from the sweep gas compartment to the membrane. To 
ensure a gas tight sealing, the membrane was heated in air up to 940 °C and afterwards 
cooled to 750 °C. A gas chromatograph was connected to the outlet of the permeate side to 
quantify any oxygen leaks into the permeate stream (oxygen that enters the permeate 
compartment via pinholes or insufficient sealing at the membrane periphery). To evaluate 
the performance of the thick self-standing and thin asymmetric membranes, air (100 mLN 
min-1) and N2 (150 mLN min-1) were fed to the feed and the permeate side of the membrane, 
respectively. The inlet flow of each gas was controlled and monitored by a mass flow 
controller (Brooks). In-house built zirconia-based 𝑝𝑂2 sensors were used to determine the 
𝑝𝑂2 of the inlet gas on the permeate side (before feeding to the membranes) and of the 
outlet gas (after passing over the membranes). Oxygen permeation flux was deduced based 
on the 𝑝𝑂2 variations between the inlet and the outlet of the gas flowing through the 
permeate side. The oxygen permeation flux through the membranes was calculated as: 
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𝐽𝑂2 =
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  ∙ ?̇?𝑜𝑢𝑡 − 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  ∙ ?̇?𝑖𝑛 
𝐴
   (3) 
where 𝐽𝑂2 is the oxygen permeation flux, 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  and 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  are respectively the 
oxygen partial pressures of the inlet and outlet gases of the permeate side, ?̇?𝑖𝑛 and ?̇?𝑜𝑢𝑡 are 
molar flow rates of inlet and outlet gases, respectively, and A is the net area of the permeate 
side of the membrane. The Nernst equation (4) is used to calculate the oxygen partial 
pressure from the measured sensor voltage (V): 
𝑝𝑂2 = 𝑝𝑂2,𝑟𝑒𝑓. 𝑒
4𝐹𝑉
𝑅𝑇    (4) 
where 𝑉 is the open circuit voltage of the oxygen sensor, T is the temperature of the oxygen 
sensor and 𝑝𝑂2,𝑟𝑒𝑓 is the oxygen partial pressure at the reference electrode which was 
maintained at 0.21 atm during the measurement. 
The stability study of the membrane under low 𝑝𝑂2 atmospheres was carried out on two self-
standing membranes of 1 mm thickness at 850 °C. During the first test, a continuous flow of 
150 mLN min-1 of pure CO2 was fed to the permeate side, while the second membrane was 
tested in CO2 + 3 vol.% of O2. Both tests were performed using a constant flow of 100 mLN 
min-1 of air as a feed gas. After 200 h, the microstructures of the membranes were analyzed 
by scanning electron microscopy and compared to a similar fresh membrane. 
 
Figure 5. 22: Schematic illustration of: a) the entire membrane test rig used for oxygen permeation measurements, 
including membrane, furnace, gas supply, manifolds and b) a zoom into the area with gas compartments, sealings 
and active membrane. 
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3. Results and discussion 
3.1. Stability studies 
3.1.1. Chemical stability of 10Sc1YSZ-AZO composite material under relevant flue gas 
conditions in power plants 
Here, the effects of exposure to different impurities in oxy-combustion flue gases, CO2, SO2 
and H2O, on the stability of 10Sc1YSZ-AZO powder are presented. In the experiments 
involving exposure to SO2, the total amount of sulphur put in contact with the samples was 
0.02 g for the experiment using 100 ppm of SO2, 0.08 g for the experiments with 500 ppm 
of SO2, and finally 0.32 g for the experiment using 2000 ppm of SO2. The relative large 
quantities of sulphur used in these experiments should improve the detection of any reaction 
products (sulphates) within the detection limits of the analytical tests.  
Figure 5. 23 shows results of the XRD characterization before and after exposure of the 
composite material to CO2 and SO2. The powder diffractograms of the fresh and the treated 
samples of 10Sc1YSZ-AZO are identical and additional peaks related to the formation of 
new crystalline phases could not be observed within the detection limits. The diffractograms 
of the fresh and treated samples plotted in Figure 5. 23 correspond to a combination of Sc 
and Y doped ZrO2 and Al0.02Zn0.98O2 peaks.  
 
Figure 5. 23: Powder XRD patterns of 10Sc1YSZ-AZO after treatment in different atmospheres (from top to bottom): 
untreated (black), in pure CO2 (blue), in a mixture of 500 ppm of SO2 in CO2 (yellow), in a mixture of 2000 ppm of SO2 
in CO2 and 10 % of steam (red) and in a mixture of 500 ppm of SO2 in CO2 and 30 % of steam (cyan). 
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However, very low amounts of crystalline phases or non-crystalline phases are difficult to 
detect with powder X-ray diffraction. Therefore, additional characterization by Raman and 
ATR-FTIR was performed to further exclude any formation of small amounts of secondary 
phases after exposure to the gases. Figure 5. 24 shows the ATR-FTIR and Raman spectra 
of the same samples investigated previously by XRD (Figure 5. 23). Both techniques are 
well suited for detection of small amounts of carbonates or sulphates. Any presence of 
carbonates would be detectable by sharp signals in the range of 850-900 cm-1 or broad 
peaks in the range of 1400-1600 cm-1 [42 – 44]. Sulphates would give rise to signals in the 
range from 950 to 1250 cm-1 [42, 43, 45] or in the range of 200-800 cm-1 and/or between 
900 and 1400 cm-1 in the Raman spectra. However, it is noteworthy that no new peaks are 
observed in these ranges when comparing ATR-FTIR and Raman spectra of the samples 
before and after treatment. The ATR-FTIR and Raman spectra of untreated and treated 
samples are identical.  
With the aim of discarding any possible incorporation of sulphur or carbon during the 
treatments, also XRF and elemental analysis were performed on the fresh and treated 
samples. Neither carbon nor sulphur were detected by any of these techniques. It should be 
noted that the detection limit of these techniques are in the range of a few ppm (if instead 
alkaline earth containing cobaltite perovskite type materials are investigated after similar 
exposures with the same characterization techniques significant amounts of both sulphates 
and carbonates are detected [46]).  
XRD, XRF, ATR-FTIR, and Raman were used to investigate the chemical stability of 
10Sc1YSZ-AZO composite material after exposure to gasses characteristic of power plant 
flue gases. None of the techniques showed presence of any secondary non-desired phases 
in the treated samples. Accordingly, the analyses prove the excellent stability of the 
10Sc1YSZ-AZO composite in the tested environments, indicating that this composite is, in 
terms of stability, a good candidate for use in OTMs applied in oxy-combustion processes. 
 174 Chapter 5: Results and discussions 
Stability and performance of robust dual-phase (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-Al0.02Zn0.98O1.01 oxygen transport membranes 
 
Figure 5. 24: a) ATR-FTIR spectra; and b) Raman spectra of the 10Sc1YSZ-AZO fresh (black), treated with pure CO2 
(blue), with 500 ppm of SO2 in CO2 (yellow), with 2000 ppm of SO2 in CO2 and 10 % of steam (red) and with 500 ppm 
of SO2 in CO2 and 30 % of steam (cyan). 
3.1.2. Effect of the oxygen partial pressure on the microstructure of 10Sc1YSZ-AZO 
dual-phase membranes 
The effect of the oxyge partial pressure (𝑝𝑂2) on the microstructure of 10Sc1YSZ-AZO dual-
phase membranes during sintering was studied on thick self-standing (1 mm) and thin 
supported membranes (8 µm).  
Figure 5. 25 presents the polished cross-section of 1 mm thick 10Sc1YSZ-AZO membranes 
after conventional sintering at 1200 °C for 6 h in N2 (Figure 5. 25.a) and in air (Figure 5. 
25.b). The SEM analysis reveals that the membrane sintered in air is completely dense, 
while the membrane sintered in N2 is porous on the first 30 µm of each side. The EDX 
analysis clearly shows the absence of the AZO phase on the sides, while the remaining 
porous backbone consists of 10Sc1YSZ phase (Figure 5. 25.c). Clearly, a significant amount 
of AZO is lost when sintering the composite in nitrogen. The microstructure after sintering in 
N2 would only be applicable as a membrane if a suitable catalyst is subsequently 
impregnated into the porous all zirconia structures at the two surfaces. Applying a catalyst 
on top the membrane surface would not work, as there is no electronic percolation all the 
way to the sample surfaces. These results are in accordance with results from Bérardan et 
al. [47] which also indicated that AZO was more volatilized during a sintering at high 
temperature in nitrogen than in air.  
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Figure 5. 25: SEM images (top) and EDX maps (bottom) of the elements Sc (red) and Zn (blue) of polished cross-
sections of 10Sc1YSZ-AZO membranes, sintered at 1200 °C in N2 (a, c) and in air (b, d). 
Figure 5. 26 presents the cross-sections of symmetric membranes composed of a 8 µm thin 
10Sc1YSZ-AZO composite layer and a 200 µm 3YSZ support that were sintered at 1200 °C 
for 6 hours in 3 different atmospheres: (i) N2, (ii) air and (iii) O2. Significant alterations of the 
microstructure in the 10Sc1YSZ-AZO membrane layer can be observed depending on the 
oxygen partial pressure during the sintering. The membrane sintered in N2 appears highly 
porous due to the loose of the zinc oxide phase (Figure 5. 26.a), while under higher oxygen 
partial pressure atmospheres (air or pure O2) the composite layer is dense and the desired 
ratio of ionic/electronic conductor is maintained (Figure 5. 26.b and 5. 26.c).  
To summarize, the study on the membranes microstructure stability shows that the 
development of 10Sc1YSZ-AZO composite membranes is challenging because of the high 
volatility of the AZO phase in low oxygen partial pressure atmospheres. When using thick 
self-standing membranes, this problem can easily be circumvented by removing the 
10Sc1YSZ porous phase on both sides of the membranes by polishing. The same issue 
cannot be so simply solved with thin asymmetric membranes. Therefore, for the 
development of asymmetric membrane, sintering has to be performed under sufficiently high 
oxygen partial pressure in order to keep the AZO phase in the composite. This is not easily 
achieved as even when applying pure oxygen during sintering a thin dense layer without 
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much ZnO forms at the interfaces between the dense layer and the infiltration layers (see 
Figure 5. 26.b and 5. 26.c). This layer will hamper membrane performance, as there is no 
electronic percolation through this layer.  
 
Figure 5. 26: SEM images and EDX maps (Sc and Zn elements) of 10Sc1YSZ-AZO (50-50 vol.%) thin asymmetric 
membranes sintered at 1200 °C in N2 (a, d), air (b, e) and pure oxygen (c, f). 
3.2. Electrical conductivity measurements 
As briefly introduced in section 2.3, a long-term electrical conductivity test was performed 
on a 10Sc1YSZ-AZO composite bar at 850 °C in CO2 in order to investigate the influence of 
a prolonged exposure to CO2 on the electrical conductivity of the dual-phase material. Figure 
5. 27 presents the electrical conductivity of the composite material and the oxygen partial 
pressure realized during the test as a function of time. Initially air was fed to the furnace and 
after 24 h, the feed was changed to CO2. After 890 h in CO2 air was again applied for 24 h. 
Overall, the electrical conductivity did not decrease during the 900 h of testing. The 
conductivity increases by a factor of 10 when switching from air to CO2 showing the expected 
increase of the electrical conductivity of AZO by lowering the 𝑝𝑂2 [47, 48]. The first and last 
24 h of the test, performed in air, gave similar values of conductivity (4 % of derivation), thus 
indicating that the initial electrical conductivity of the composite material (in air) can be 
recovered. In other words, changes in the conductivity of the samples were not observed 
when switching back to air atmosphere after treatment in CO2 and any changes in 
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conductivity are due to the defect-chemistry of AZO (that responds reversibly to 𝑝𝑂2 
changes) and not to effects of microstructural changes. 
The cross-sections of the 10Sc1YSZ-AZO composite bar after the electrical conductivity 
measurement are shown in Figure 5. 28. Figure 5. 28.a displays the microstructure of a 
sample section where the platinum paste was applied locally as a current collector covering 
the sample surface, while Figure 5. 28.b shows a section not covered by the platinum. The 
comparison of the two images clearly shows that the Pt layer supresses the volatilization of 
the AZO. Consequently, the current feed probes applied during conductivity measurements 
seems to have worked well, i.e. contact is not lost here despite the tendency of the sample 
to lose AZO. The effective conductivity of the bar would be expected to drop a little over time 
as clearly the top ~ 4 µm of sample have become depleted in the electronic conductor. 
However, as the depleted layer constitutes only a small fraction of the cross section the 
effect of the depletion is not observed over the period in CO2. After returning to air, indeed 
a small reduction in the sample conductance is observed which could in part be due to loss 
of AZO. The conductivity measurements presented in Figure 5. 27 show that the exposure 
to CO2 (and associated reduction in oxygen activity) itself increases the sample conductivity. 
XRD patterns, ATR-FTIR and Raman spectra, in Figures 5. 23 and 5. 24 show that CO2 
does not react or directly contributes to the destabilization of AZO. Nevertheless, the loss of 
AZO in the dual-phase material (Figure 5. 28.b) over time will lead to a decrease of the 
conductivity because of the loss of the electrical conducting phase. It is important to note 
here that the conductivity test was performed in much lower oxygen partial pressure (𝑝𝑂2 ≈ 
2.10-4 bar) than at realistic conditions of the envisioned application areas (𝑝𝑂2 ≈ 3.10
-2 bar 
[13]). It is essential to distinguish between the effect of the CO2 and the effect of the low 
oxygen partial pressure, when discussing the stability of the composite. This is further 
investigated and discussed below in section 3.3.2. 
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Figure 5. 27: Electrical conductivity of a 10Sc1YSZ-AZO bar (black curve) and oxygen partial pressure in the platform 
test (blue curve) as a function of the time. The test was performed at 850 °C in air (first and last 24 h) and in CO2. 
The dotted line represents the initial value of the electrical conductivity in air. 
 
Figure 5. 28: SEM images of polished cross-sections of the 10Sc1YSZ-AZO bar after the electrical conductivity 
measurement with (a) and without (b) Pt current collector. 
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3.3. Oxygen permeation measurements 
3.3.1. Performances of thick self-standing and thin supported membranes 
The performance of a 1 mm thick 10Sc1YSZ-AZO self-standing membrane and an 8 µm 
thick 10Sc1YSZ-AZO supported membrane was evaluated carrying out oxygen permeation 
measurements, as described in Section 2.3. 
Figure 5. 29 presents the oxygen permeation fluxes of the two membranes with different 
thicknesses as a function of temperature when using N2 as sweep gas, and air as a feed 
gas. Based on the Wagner equation (1), described in section 1, the oxygen flux should scale 
inversely with membrane thickness. Interestingly, the opposite was found here: the 1 mm 
thick membrane shows a higher oxygen flux than the thin asymmetric membrane. As shown 
in Figure 5. 29, at 925 °C the oxygen flux through the 1 mm thick membrane corresponds to 
0.33 mLN min-1 cm-2, while only a flow of 0.16 mLN min-1 cm-2 was measured across the thin 
supported membrane. Clearly, the performance of the asymmetric membrane is drastically 
lower than anticipated. The oxygen permeation flux through the self-standing membrane is 
mainly limited by the bulk diffusion. Indeed, the proximity of activation energy values of the 
membrane (69.1 kJ mol-1) and 10Sc1YSZ (62.7 kJ mol-1 at 850 °C [49]) attests that the 
conductivity of the ionic phase is limiting the performance of the self-standing membrane. 
Considering that and knowing that the asymmetric membrane is approximately a hundred 
times thinner than the self-standing membrane, a significant increase of the oxygen 
permeation flux would be expected when using the thin asymmetric membrane. A likely 
explanation for the low performance is a lack of percolation in the electronic phase across 
the dense 10Sc1YSZ-AZO composite layer. The SEM micrographs of the cross sections 
(Figure 5. 26.b) shows clear signs that the outer parts of the dense membrane layer are 
completely depleted in AZO and would behave effectively as an electrolyte hampering the 
oxygen permeation flux.  
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Figure 5. 29: Oxygen permeation fluxes of 10Sc1YSZ-AZO membranes as a function of the temperature using air as a 
feed gas and N2 as a sweep gas. 
3.3.2. Long-term stability tests in CO2 
To further investigate the influence of the 𝑝𝑂2 on the microstructural degradation of the 
membrane and to confirm that the observed instability of AZO is due to the mildly reducing 
atmosphere (𝑝𝑂2 < 10
-4 bar) and not of the presence of CO2, the stability of 1 mm thick self-
standing membranes was investigated under different 𝑝𝑂2 conditions on the permeate side. 
One membrane was tested under an air/CO2 gradient while the other test was conducted 
between air and CO2 + 3 vol.% of O2. It should be emphasized that the 𝑝𝑂2 conditions of the 
second test resembles realistic conditions for an application of the OTMs in oxy-fuel power 
plants [13], and are therefore considered the more relevant. After 200 h of exposure, the 
microstructure of the tested membranes was compared to a fresh membrane. Results are 
presented in Figure 5. 30. The polished cross-section of a fresh membrane is displayed in 
Figure 5. 30.a, the membrane tested with pure CO2 on the permeate side is presented in 
Figure 5. 30.b and finally the membrane tested in CO2 + 3 vol.% O2 is reproduced in Figure 
5. 30.c. As expected, from both the long term conductivity test and the studies of the sintering 
in various gasses, a significant loss of AZO is observed for the membrane exposed to pure 
CO2 after 200 hours due to the instability of the AZO phase in low 𝑝𝑂2 atmosphere (𝑝𝑂2 ≈ 
2.10-4 bar). The first 10 µm on the permeate side appear highly porous. However, the 
microstructure of the second long term tested membrane is practically identical to the fresh 
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one, demonstrating that no AZO is lost under exposure to CO2 with 3 vol.% of O2 at the 
permeate side . This experiment proves that the 10Sc1YSZ-AZO dual-phase membranes is 
applicable under oxy-fuel conditions (high CO2 activity) as long as the oxygen activity at the 
permeate side is maintained at ~ 2 – 3 %. For the case of a low 𝑝𝑂2 ~10
-4 atm. the membrane 
would, if in the form of a thin film, most likely not be applicable due to the observed loss of 
material. 
A previous study from Cheng et al. reported on the use of AZO in a composite oxygen 
membrane in combination with CGO [31]. A stable flux through a 1 mm thick membrane 
over ~500 hours in a gradient between air and CO2 was also found elucidating material 
robustness towards CO2. However, the conducted thick membrane experiment [31] “masks” 
problems related to material loss under low 𝑝𝑂2 as discussed here for AZO/zirconia 
composites due to the large material reservoir. Given the material loss rates observed here, 
it is unlikely that any thin film (L ~ 10 – 20 µm) composite membrane realization involving 
AZO would perform reliably under long term operation (thousands of hours) if the 𝑝𝑂2 on the 
permeate side is lower than 10-4 bar. If 𝑝𝑂2 on the permeate side is on the order of 10
-2 bar 
material loss seems tolerable (c.f. Figure 5. 30.c).  
Practical application of the investigated composite would require the flux can be increased 
substantially above the values reported in Figure 5. 29. The obvious approach, as also 
adopted here, would be to reduce the membrane thickness. Whereas a thin film component 
strong enough for test could obviously be manufactured, it presented no gain in oxygen 
transport (see section 3.3.1.). This, as discussed (section 3.3.1.) is most likely due to thin 
“all electrolyte” skin layers that form during firing of the component due to loss of AZO from 
the surface of the composite. Hence, it is related to the high vapor phase of the ZnO and its 
limited stability under reducing conditions. Countering measures must be developed to 
prevent this surface depletion if the full potential of ZnO as a cheap electronic conductor in 
composite oxygen membranes should be realized. A stabilization of the zinc oxide phase 
could be achieved by decreasing the sintering temperature, for example by using a dopant 
element as a sintering aid. The utilization of a protective porous layer with a high AZO 
content covering the dense membrane would help to prevent the depletion of the zinc oxide 
phase and seems a feasible route to reduce the problem. 
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Figure 5. 30: SEM images of the polish cross-sections of 1 mm thick self-standing 10Sc1YSZ-AZO membranes. (a) 
fresh membrane, (b) tested in air/CO2 atmosphere, and (c) tested in air/CO2 + 3 vol.% O2 atmosphere. 
4. Conclusions 
The stability of the dual-phase composite membranes consisting of 50 vol.% Al0.02Zn0.98O1.01 
(AZO) and 50 vol.% (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) was studied in simulated 
oxy-fuel power plant flue gas atmospheres (CO2, SO2, H2O) using several characterization 
techniques (XRD, XRF, ATR-FTIR, and Raman spectroscopy). The tests underlined the 
excellent stability of the materials under application relevant atmospheres. 10Sc1YSZ-AZO 
is concluded to be a promising material combination for OTMs integrated in oxy-fuel power 
plants where oxygen activity on the permeate side is above 2.10-4 atm. The material is not 
suitable for use in gasification applications or other applications where the oxygen content 
on the permeate side is below 100 ppm. In addition the low stability of the zinc oxides phase 
under very mildly reducing atmosphere makes the fabrication of thin and high performance 
asymmetric membranes complicated (due to formation of all electrolyte “skin layers”). 
Clearly thick self-standing membranes show too limited performances to be commercialized 
and further R&D is required to realize thin and highly performing 10Sc1YSZ-AZO 
asymmetric membranes, where performance is not limited by lack of electronic percolation, 
as was the case for the here tested asymmetric membranes.  
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5.4. Performance and stability of (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-
LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes under 
conditions relevant for oxy-fuel combustion  
This sub-chapter contains the manuscript “Performance and stability of 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes under 
conditions relevant for oxy-fuel combustion”, which is ready for submission. 
The low stability of the zinc oxide phase under very mildly reducing atmospheres making 
the fabrication of thin and highly performing asymmetric membranes complicated resulted 
in the re-openning of the question: what is the most suitable material for use as an electronic 
conducting phase in dual-phase OTMs directly integrated into oxy-fuel combustion power 
plants? 
Lanthanum chromite based materials fulfil many of the requirements that an electronic 
conducting phase of OTMs directly integrated to oxy-fuel combustion power plants must 
have. Among them, lanthanum chromite exhibits excellent stability under stringent 
conditions such as highly reducing (even if not absolutely necessary or required for oxy-fuel 
combustion applications) atmospheres at elevated temperatures. Also, electrical 
conductivity of lanthanum chromite based materials can be rather high when doped by 
transition metals such as Cu or Ni. 
In this study, the stability of 10Sc1YSZ-LCCN (70-30 vol.%) composite material was 
investigated under conditions relevant for oxy-fuel combustion (CO2, SO2, H2O). Analytical 
techniques such as X-ray diffraction (XRD), X-ray fluorescence (XRF), attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-FTIR), Raman spectroscopy and 
scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) were 
used to characterize the material after exposure to the gases. Oxygen permeation fluxes 
across 1000 µm thick and 110 µm thick self-supported 10Sc1YSZ-LCCN (70-30 vol.%) 
membranes were measured from 700 °C to 950 °C using air as the feed gas and N2 or CO2 
as the sweep gas. Tests were performed to study the influence of (i) the thickness, (ii) the 
catalyst layer and (iii) the operation time, on the performances of the membrane. 
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Abstract 
Dual-phase oxygen transport membranes consisting of 70 vol.% 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) and 30 vol.% LaCr0.85Cu0.10Ni0.05O3-δ (LCCN) 
were successfully developed and tested. The stability of the composite membrane was 
studied in simulated oxy-fuel power plant flue-gas conditions (CO2, SO2, H2O). The analyses 
of the exposed composites by X-ray diffraction (XRD), X-ray fluorescence (XRF), attenuated 
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and Raman 
spectroscopy revealed excellent stability. Oxygen permeation fluxes across 1000 µm thick 
and 110 µm thick self-supported 10Sc1YSZ-LCCN (70-30 vol.%) membranes were 
measured from 700 °C to 950 °C using air as the feed gas and N2 or CO2 as the sweep gas. 
The 110 µm thick membrane, prepared by tape-casting and lamination processes, showed 
oxygen fluxes up to 1.02 mLN cm-2 min-1 (950 °C, air/N2). Both membranes demonstrated 
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stable performances over long-term stability tests (250-300 h) performed at 850 °C using 
pure CO2 as the sweep gas. 
Keywords 
Oxygen transport membrane, Dual-phase membrane, CO2 stability, SO2 tolerance, Oxy-fuel 
combustion 
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1. Introduction 
Now and in the coming decades, one of the most important challenges for our society is to 
reduce greenhouse gas emissions, responsible for global warming. The dominating sources 
of anthropogenic CO2 emission are use of fossil fuel in the energy and transport sector and 
industrial production of cement iron and steel [1]. To reduce these emissions, Carbon 
Capture and Utilization (CCU) or Storage (CCS) are important concepts currently under 
development. There are three fundamentally different approaches to carbon capture from 
point sources: pre-combustion separation, post-combustion separation and oxy-fuel 
combustion. In the latter one uses pure oxygen to combust the fossil fuel, resulting in flue-
gases consisting mainly of CO2 (90 – 95 %) and steam. The CO2 can then be captured much 
more easily than when air is used in the combustion process resulting in a flue gas lean in 
CO2 (10 – 14 % in dried gas) [2]. The oxygen required for the oxy-fuel process can be 
produced by several methods all of which require energy. Producing the oxygen locally via 
oxygen transport membranes (OTMs) that are both thermally and chemically integrated in 
the oxy-fuel process results in the lowest overall efficiency losses [3, 4]  
OTMs are typically made of Mixed Ionic Electronic Conductors (MIEC). Such materials allow 
simultaneous transport of oxygen (via oxygen vacancies in the crystal lattice) and electrons. 
The membranes are fully dense which results in very high selectivity in the separation. An 
oxygen partial pressure differential between an oxidizing gas (air at 0.21 atm) and a reducing 
gas (recirculated flue gas at 𝑝𝑂2 ≈ 10
-2 atm [5]) exists across the membrane and serves as 
the driving force for the oxygen transport. To reduce cost and maximize efficiency it is 
beneficial to directly integrate the OTMs in the oxy-fuel process, which entails that the 
membranes are exposed directly to recirculated flue-gases at the permeate side of the 
membrane. This imposes very stringent requirements to the membrane materials, 
specifically requiring chemical stability in CO2, SO2 and H2O which are inevitable 
constituents/impurities arising from the combustion of fossil fuels. In literature, the OTMs 
materials achieving the highest oxygen fluxes are based on single-phase MIEC materials, 
such as Ba1−xSrxCo1−yFeyO3−δ (BSCF) and La1−xSrxCo1−yFeyO3−δ (LSCF) [6 – 15]. However, 
most of these materials, which show good transport properties, are not chemically stable in 
atmospheres containing CO2 and SO2 [9, 16 – 22] and are, therefore, not suitable for direct 
integration in oxy-fuel combustion power plants. Membranes prepared from two 
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thermodynamically very stable materials; one of which is an ionic conductor and one an 
electronic conductor is an interesting alternative to overcome the stability limitations of 
single-phase membrane materials in CO2 and SO2. 
In this study, dual-phase membranes consisting of 70 vol.% (Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 
and 30 vol.% LaCr0.85Cu0.10Ni0.05O3-δ (10Sc1YSZ-LCCN (70-30 vol.%)) were prepared and 
tested with respect to chemical stability and oxygen transport properties under conditions 
simulating direct integration in oxy-fuel combustion power plants. 
Yttria-stabilized zirconia ((ZrO2)1−x(Y2O3)x (YSZ)) has previously been studied as the ionic 
conductor in composite OTMs due to its high ionic conductivity, its high stability at high 
temperature in both oxidizing and reducing atmospheres, and its good mechanical 
properties [23 – 25]. The highest ionic conductivity for (ZrO2)1−x(Y2O3)x electrolytes is 
observed for x= 0.08 (8YSZ). At 850 °C the conductivity is 0.03 S.cm-1 [26]. However, higher 
ionic conductivity can be reached by co-doping of scandium and yttrium in zirconia. At 850 
°C Artemov et al. reported an ionic conductivity of 0.12 S.cm-1 for 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 (10Sc1YSZ) [27]. Moreover, a recent study has demonstrated 
excellent stability of 10Sc1YSZ under CO2, SO2 and H2O containing atmospheres [28]. 
Lanthanum chromite is a very stable compound, which has been studied as ceramic 
interconnect material in solid oxide fuel cells [29 – 33]. It is a fair p-type electronic conductor 
[33 – 36], it is chemically compatible with zirconia, and is therefore a candidate for the 
electronic conductor in a dual-phase membrane designed for integration into oxy-fuel 
combustion power plants. The conductivity of pure lanthanum chromite is rather low (0.96 S 
cm-1 at 800 °C in air, [37]) but it can be increased through doping. The substitution of Cr with 
aliovalent transition metals like Cu or Ni is expected to increase the electronic conductivity 
as also reported in a few studies [38 – 40]. 
The stability of the 10Sc1YSZ-LCCN was investigated on loose powder under simulated 
oxy-fuel combustion conditions (CO2, SO2, H2O). Analytical techniques such as X-ray 
diffraction (XRD), X-ray fluorescence (XRF), attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR), Raman spectroscopy and scanning electronic 
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) were used to 
characterize the material after exposure to the gases. The performance of the composite for 
transporting oxygen was evaluated by oxygen permeation measurements. The influence of 
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(i) the membrane thickness, (ii) catalyst activation layers on the membrane surface, and (iii) 
operation time on the oxygen permeation flux through the membranes was investigated. 
2. Experimental 
2.1. Thermochemical stability and characterization of 10Sc1YSZ-LCCN 
composite 
2.1.1. Thermochemical stability tests 
The thermochemical stability of 10Sc1YSZ-LCCN (70-30 vol.%) powder in the presence of 
CO2, SO2 and H2O was tested at 850 °C in an up-flow vertical testing unit. Loose powders 
were used to maximize the contact area between the composite and the gases. The unit is 
based on a quartz tube equipped with a liner with a porous sample holder which facilitates 
an even distribution of the gas. A detailed description can be found elsewhere [28]. For each 
run, 1 g of fresh 10Sc1YSZ-LCCN (70-30 vol.%) powder that was placed on the holder. A 
thermocouple was located within the bed of material to monitor the temperature. Once the 
sample was loaded, the testing unit was introduced in an oven and heated up to 850 °C 
under a stationary air atmosphere. At 850 °C, the gas composition was switched to the 
different mixtures of CO2/SO2/H2O, according to the compositions shown in Table 5. 5. This 
table also shows the total amount of sulfur seen by the samples in each of the experiments 
where SO2 was supplied. The quantity of sulfur in contact with the sample was intentionally 
used in excess in order to easily detect possible reactions between SO2 and the membrane 
materials during the analyses. Blank runs under air atmosphere and CO2 were also 
performed. Two gas cylinders were used for preparing the gas mixtures, one with CO2 (purity 
> 99.8 %) and one with a mixture of 2000 ppm of SO2 balanced with CO2. An evaporator, 
fed by a syringe pump to control the amount of water added, was used to generate the steam 
in the experiments performed under humid conditions. The experiments were performed at 
atmospheric pressure using a gas flow rate of 0.25 LN min-1 during 8 h. The exhaust gases 
were cooled down to room temperature to remove steam before passing through two 
saturated NaOH solutions with the aim of removing SO2 prior to their disposal. Once the 
experiment was finished, the testing unit was quenched under the reaction atmosphere with 
the objective of avoiding the presence of oxygen which would lead to the decomposition of 
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species formed during the treatments. Finally, the treated material was recovered for 
characterization. 
Table 5. 5: Gas compositions used in the thermochemical stability tests performed on 10Sc1YSZ-LCCN (70-30 vol.%) 
powder. Tests were performed for 8 h at 850 °C and atmospheric pressure using a gas flow rate of 0.25 LN min-1. 
Test 
CO2 
(vol.%) (1) 
SO2 
(ppm v/v) (1) 
H2O 
(vol.%) (2) 
pO2 
(atm) 
Total sulfur 
(g) (3) 
Blank(4) 0 0 0 0.21 0 
CO2 100 0 0 <5·10-6 0 
500SO2 Balance 500 0 <5·10-6 0.0 
500SO2 10H2O Balance 500 10 <5·10-6 0.08 
2000SO2 
10H2O 
Balance 2000 10 <5·10-6 0.32 
500SO2 30H2O Balance 500 30 <5·10-6 0.08 
(1) Dry basis; (2) Percentage of the total flow, including steam; (3) Total sulfur seen by the sample in the 
treatment; (4) Performed in air 
2.1.2. Material characterization 
Before and after the gas exposure treatment, the 10Sc1YSZ-LCCN (70-30 vol.%) powders 
were characterized by a series of analytical techniques to detect and identify changes 
induced by the exposure.  
X-ray diffraction (XRD) patterns were obtained in a PANalytical diffractometer equipped with 
a Ni-filtered Cu Kα radiation (40 mA, 45 kV) over a 2Ɵ-range of 5 to 80º and a position-
sensitive detector using a step size of 0.05º and a step time of 120 s. The patterns were 
processed with the aim of identifying the species present in the samples, using the software 
X’Pert Highscore Plus. 
X-ray fluorescence (XRF) and elemental analysis were performed to determine the chemical 
composition of the samples. XRF spectra were obtained in a PANalytical Epsilon3XLE X-
ray fluorescence spectrophotometer with a 50 kV silver anode tube as source of radiation. 
Elemental analysis was performed in an Elementar Vario Microcube, using a combustion 
chamber that works up to 1800 °C. The gases leaving the combustion chamber are 
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absorbed in a trapping column and are then desorbed following a temperature program to 
be detected using a thermal conductivity detector. 
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analyses 
was performed using a Perkin Elmer FTIR 100 spectrometer. Spectra were collected at room 
temperature and baseline-corrected using the Spectrum 10™ software.  
A Renishaw InVia Raman spectrometer equipped with a charge-coupled device and a Leica 
microscope was used for collecting Raman spectra. A 785 nm HPNIR diode laser with 
maximum power of 300 mW was used as an excitation source. A 1200 mm-1 grating was 
utilised for all measurements, providing a spectral resolution of +/- 1 cm-1. The laser spot 
was focused on the sample surface using a long working distance 50x. The laser beam spot 
size was around 1.28 µm. 
A JEOL JSM6400 operated at 20 kV equipped with energy dispersive X-ray spectroscopy 
(EDX) and a wavelength dispersive X-ray spectroscopy (WDS) systems was used for the 
microstructural/chemical characterization (SEM with EDX and WDS). 
2.2. Membrane preparation 
Thick (1000 µm) and thin (110 µm) self-supported membranes made of 70 vol.% 
(Y2O3)0.01(Sc2O3)0.10(ZrO2)0.89 - 30 vol.% LaCr0.85Cu0.10Ni0.05O3-δ (10Sc1YSZ-LCCN (70-30 
vol.%)) were prepared using two different procedures as described below.  
2.2.1. Thick membrane 
The LaCr0.85Cu0.10Ni0.05O3-δ (LCCN) powder was prepared in-house via a nitrate-glycine 
synthesis [41] using a stoichiometric amount of nitrate precursors (La(NO3)3·6H2O, 
Cr(NO3)3·9H2O, Cu(NO3)2·6H2O and Ni(NO3)2·6H2O) and glycine powder. Subsequently, 
the powder was calcined at 1200 °C for 3 h in air (heating/cooling ramp = 100 °C h-1). The 
10Sc1YSZ powder was purchased from Tosoh Daiichi Kigenso Kagaku Kogyo Co. Ldt 
(Japan). The ionic and electronic conductors were mixed in a 70/30 volume ratio to form the 
10Sc1YSZ-LCCN (70-30 vol.%) composite material. A small amount (3 vol.%) of NiO (Alfa 
Aesar, United States), was mixed with the composite material to serve as sintering aid during 
the membrane preparation. The particles size of the powders were adjusted to the 
submicron range (dv50<1 µm) using ball-milling in ethanol. After drying, a 15 mm diameter 
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membrane was formed using a uniaxial press (1000 kg load). The membrane was sintered 
at 1400 °C for 6 h in air. After sintering, the membrane was polished down to 1000 µm thick 
and an in-house prepared ink of (Y2O3)0.08(ZrO2)0.92 - (La0.80Sr0.20)MnO3-δ (8YSZ-LSM (50-
50 vol.%)) was screen-printed on both sides of the membrane to serve as oxygen 
oxidation/reduction catalyst. Finally, the membrane was heated to 980 °C for 2 h in air in 
order to dry the printed catalyst and make it adhere to the membrane surface. 
2.2.2. Thin membrane 
110 µm thick membranes were developed by a tape-casting and lamination process. Tape-
casting presents the advantage of being a well-established and relatively simple technique 
with a low implementation cost to obtain planar ceramic sheets with a large area, good 
surface quality and controlled microstructures. The LaCr0.85Cu0.10Ni0.05O3-δ powder used for 
the preparation of the 110 µm thick membranes was purchased from Cerpotech (Norway). 
10Sc1YSZ, LCCN and NiO powders were mixed by ball-milling for 48 h with appropriate 
amounts of solvents (ethanol, acetate) and organic additives (dioctyl phthalate, PVB-76, 
BYK-103) to form the required slurry for tape-casting. The slurry was cast using a doctor 
blade gap of 300 µm. After drying, the green tape was cut and multiple layers of tape were 
laminated at 70 °C under a pressure of 40 MPa in by a warm isostatic press (WIP) to obtain 
the desired thickness of membrane. Subsequently, 25 mm diameter disks were cut out using 
a laser cutter (LTT, Taiwan) and sintered using a two-step process including a peak 
temperature of 1500 °C (3 min) and a dwell temperature of 1450 °C (3 h). Heating ramps of 
60 °C h-1 and 300 °C h-1 were used from room temperature to 1200 °C and from 1200 °C to 
1500 °C, respectively. Cooling ramps of 300 °C h-1 and 180 °C h-1 were applied from 1500 
°C to 1450 °C, and from 1450 °C to room temperature. As for the 1000 µm thick membrane, 
8YSZ-LSM (50-50 vol.%) was applied on both sides of the membrane and dried using a heat 
treatment at 980 °C for 2 h in air. 
2.3. Oxygen flux measurements 
Oxygen permeation measurements were carried out in a membrane test rig described 
elsewhere [28]. Air was used on the feed side with a flow rate of 200 mLN min-1, while N2 or 
CO2 was fed as a sweep gas on the permeate side using various flow rates in the range 
from 20 mLN min-1 to 200 mLN min-1. Inlet gases were individually controlled and monitored 
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by mass flow controllers (Brooks), while the outlet flow of the permeate side was determined 
by a mass flow meter (Bronkhorst). Thermocouples were placed in direct contact with the 
membrane in order to monitor the temperature. The membranes were sealed between two 
alumina tubes using tape-cast aluminosilicate glass rings (NAS, Na2O: 17.8 mol.%, Al2O3: 
9.4 mol.% and SiO2: 72.8 mol.% [42]), with an inner diameter of 9 mm, an outer diameter of 
14 mm. The glass transition temperature of the applied glass is 515 °C [43]. The exterior 
surface of the samples was also coated with NAS paste to ensure that there are no gas 
leaks from the surrounding atmosphere into the sweep chamber. The sealing procedure was 
completed prior to the measurements by heating the membranes to 950 °C in air for 1 h 
before cooling down to 750 °C to conduct the flux measurements. No gas was fed during 
the sealing procedure and slow heating/cooling ramps were used (30 °C h-1). A gas 
chromatograph was connected to the outlet of the permeate side to quantify any oxygen 
leaks into the permeate stream (oxygen (and nitrogen) that enters the permeate 
compartment via pinholes or insufficient sealing at the membrane periphery). Zirconia-based 
𝑝𝑂2 sensors built in-house were used to determine the 𝑝𝑂2 of the inlet gas on the permeate 
side (before feeding to the membranes) and of the outlet gas (after passing over the 
membrane). The oxygen permeation flux was deduced from the 𝑝𝑂2 difference between the 
inlet and the outlet of the gas flowing on the permeate side: 
𝐽𝑂2 =
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  ∙ ?̇?𝑜𝑢𝑡− 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  ∙ ?̇?𝑖𝑛 
𝐴
   (1) 
where 𝐽𝑂2 is the oxygen permeation flux, 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑖𝑛  and 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑜𝑢𝑡  are respectively the 
oxygen partial pressures in the inlet and outlet gases on the permeate side, ?̇?𝑖𝑛 and ?̇?𝑜𝑢𝑡are 
molar flow rates of inlet and outlet gases, respectively, and A is the net area of the permeate 
side of the membrane. The Nernst equation (2) was used to calculate the oxygen partial 
pressure from the measured sensor voltage (V): 
𝑝𝑂2 = 𝑝𝑂2,𝑟𝑒𝑓. 𝑒
4𝐹𝑉
𝑅𝑇    (2) 
where 𝑉 is the open-circuit voltage of the oxygen sensor, 𝑝𝑂2,𝑟𝑒𝑓 is the oxygen partial 
pressure at the reference electrode (maintained at 0.21 atm during the measurements), and 
T is the temperature of the oxygen sensor. 
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3. Results and discussion 
3.1. Chemical stability of 10Sc1YSZ-LCCN under conditions relevant for oxy-fuel 
combustion  
Figure 5. 31 shows results of the XRD characterization of the composite material before and 
after exposure to different concentrations of impurity gases. The XRD patterns of the 
untreated sample show a combination of Sc and Y doped ZrO2 and LaCr0.85Cu0.1Ni0.05O3-δ 
peaks. The XRD patterns of the treated samples are comparable; no additional peaks or 
changes in intensity were found, indicating that no new crystalline phases, within the 
detection limits (< 2 %) of the technique, are formed. 
 
Figure 5. 31: XRD patterns of the 10Sc1YSZ-LCCN (70-30 vol.%) fresh (black), treated with pure CO2 (blue), treated 
with 500 ppm of SO2 in CO2 (green), treated with 500 ppm of SO2 in CO2 and 10 % of steam (brown), treated with 
2000 ppm of SO2 in CO2 and 10 % of steam (dark blue), and treated with 500 ppm of SO2 in CO2 and 30 % of steam 
(cyan). 
However, X-ray diffraction is not sensitive to small amounts of second phases and is not 
able to detect non-crystalline species. For this reason, complementary characterization 
needed to be done before concluding that no new phases have formed on exposure. Raman 
and ATR-FTIR spectroscopies were used for this purpose. Figure 5. 32 shows the ATR-
FTIR and Raman spectra of treated and untreated samples. In the case of the FTIR, the 
spectrum of the untreated sample is almost flat. After the treatments, the shape of the 
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spectra does not vary, conserving the flat profile. The presence of new species in form of 
carbonates can be excluded due to the absence of signals in the range of 850-900 cm-1 
and/or 1400-1600 cm-1 [44 – 46]. Also no newly formed sulfates, which would have led to 
signals in the range from 900-1300 cm-1, were found [44, 47 – 49]. Raman spectra of the 
treated samples did not show any additional signals when compared to the spectrum of the 
untreated 10Sc1YSZ-LCCN (70-30 vol.%), further indicating that neither carbonates 
(recognizable by signals in the range of 100-300 cm-1 and 1000-1100 cm-1) nor sulfates 
(recognizable by signals in the range of 900-1000 cm-1) [50 – 55] have formed.  
 
Figure 5. 32: a) ATR-FTIR spectra; and b) Raman spectra of the 10Sc1YSZ-LCCN (70-30 vol.%) fresh (black), treated 
with pure CO2 (blue), treated with 500 ppm of SO2 in CO2 (green), treated with 500 ppm of SO2 in CO2 and 10 % of 
steam (brown), treated with 2000 ppm of SO2 in CO2 and 10 % of steam (dark blue) and treated with 500 ppm of SO2 
in CO2 and 30 % of steam (cyan). 
XRF and elemental analysis were performed to confirm the absence of carbon and sulfur in 
the samples, thus discarding the incorporation of these elements in other species that could 
not be detected by XRD or vibrational spectroscopy. Neither Carbon nor Sulfur was detected 
by any of these techniques. Finally, SEM-WDS analyses were performed on the sample 
treated with the higher concentration of SO2 in the gas (Supplementary Material (Figure 5. 
38)). It can be seen that the signal of sulfur is even lower than the signal corresponding to 
the background of Zr, thus discarding the presence of sulfur in the treated sample. 
The chemical characterization performed for the treated and untreated samples confirmed 
the absence of secondary phases in the samples post-treatment, proving the excellent 
stability of this composite in the tested environments. These results suggest that 10Sc1YSZ-
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LCCN (70-30 vol.%) in terms of stability is a good candidate for use in OTMs to be directly 
integrated in an oxy-fuel combustion processes. 
3.2. Membrane microstructure 
Figure 5. 33 shows SEM images of cross-sections of 1000 µm thick membranes (Figures 5. 
33.a, 5. 33.c and 5. 33.e) and 110 µm thick membranes (Figures 5. 33.b, 5. 33.d and 5. 33.f) 
before and after the permeation tests. Figures 5. 33.a and 5. 33.b present the 
microstructures of the membranes before that 8YSZ-LSM (50-50 vol.%) was coated on both 
sides of the membranes to serve as oxygen oxidation/reduction catalyst, while Figures 5. 
33.c, 5. 33.d, 5. 33.e and 5. 33.f display the microstructures of the membranes after tests. 
No degradation of the microstructures was observed. The brightest phase in the SEM 
images corresponds to LCCN, while 10Sc1YSZ appears slightly darker and NiO can be 
assigned to the darkest one. The porosity of the membranes was determined by image 
analysis and corresponds to 2 vol.% and 6.5 vol.% for the 1000 µm thick and the 110 µm 
thick membranes, respectively. The closed pores of the 110 µm thick membrane have an 
average diameter of approximately 3 µm. The difference in porosity between the 1000 µm 
thick membrane and the 110 µm thick membrane results from the different shaping 
techniques used. A higher densification was obtained for the1000 µm thick membranes 
(conventional sintering 1400 °C for 6 h) because the membranes were prepared by powder 
pressing, a method that results in a very high green density. On the other hand, tape-cast 
membranes have a significantly lower green density due to organic additives, and require 
higher temperatures to be sintered. In addition, LaCrO3-based materials have poor 
sinterability due to volatilization of chromium vapor species above 1000 °C creating pores 
on the sides of the membranes [40, 56 – 58]. As a result, conventional sintering could not 
be used to obtain gastight 110 µm thick membranes while at the same time avoiding the 
chromium volatilization. The two-step sintering process used (peak temperature 1500 °C (3 
min), dwell temperature 1450 °C (3 h)), helped to maximize the densification of the 
10Sc1YSZ-LCCN membranes while keeping the chromium content in the LCCN phase.  
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Figure 5. 33: SEM pictures of the polished cross-sections of 1000 µm thick (a, c, e) and 110 µm thick (b, d, f) 
10Sc1YSZ-LCCN membranes. Figures a and b show the microstructures of the membranes before oxygen permeation 
tests while Figures c, d, e and f are post-mortem SEM pictures. 
3.3. Oxygen permeation 
This section shows how the membrane thickness (section 3.3.1.), the catalytic activation 
layers (section 3.3.2.) and the exposure time in CO2 (section 3.3.3.) influence the oxygen 
permeation flux of the 10Sc1YSZ-LCCN membranes. 
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3.3.1. Influence of the membrane thickness on the oxygen permeation flux 
Figure 3. 34 presents the oxygen permeation fluxes through the 1000 µm thick (black 
symbols) and the 110 µm thick (red symbols) membranes in the temperature range of 700-
950 °C. The membranes were coated on both sides with 8YSZ-LSM (50-50 vol.%) porous 
activation layers to enhance the rate of the oxygen exchange reactions (oxidation/reduction) 
taking place at the surfaces. The figure reports oxygen permeation fluxes obtained using 
200 mLN min-1 of air as the feed gas, and the same flow of N2 (solid symbols) or CO2 (empty 
symbols) as sweep gas. The highest performances were obtained in air/N2 at 950 °C, and 
fluxes of 0.27 mLN cm-2 min-1 and 1.02 mLN cm-2 min-1 were recorded for the 1000 µm thick 
and the 110 µm thick membranes, respectively. Slightly lower oxygen fluxes were measured 
in CO2 compared to N2 sweep. Comparable results were reported in other studies [17, 59 – 
64] where it was suggested that this phenomenon is a consequence of suppressed oxygen 
surface exchange rate due to the chemisorption of CO2 on the surface possibly blocking 
some oxygen vacancies [17, 63]. As predicted by the Wagner equation (supplementary 
material: Figure 5. 39 and Section S 1), the thinner membrane (110 µm thick) showed a 
higher performance in the complete temperature range studied. However, it performs only 
2 to 4 times better than the 1000 µm thick membrane, while the ratio of their thicknesses is 
about 9. These results indicate that the oxygen permeation through the 110 µm thick 
membrane is not exclusively limited by the diffusion of the oxide ions in the bulk. 
Figure 5. 35 shows the oxygen permeation fluxes through the two membranes in the 
temperature range of 700 – 950 °C for different N2 flow rates (sweep gas). The results 
indicate Arrhenius behavior although the activation energy (Ea) for the oxygen transport 
changed as a function of the temperature in the case of the 110 µm thick membrane (Figure 
5. 35.a), which suggests that the rate-limiting step changes with temperature.  
The surface exchange kinetics possess a higher activation energy than solid-state diffusion, 
resulting in higher apparent activation energy in the low-temperature region. For 
temperatures below 900 °C, the activation energy of the oxygen transport was estimated to 
be 89.8 – 94.7 kJ mol-1. These values suggest that surface exchange kinetics are the main 
limiting factor of the oxygen permeation. Another hypothesis could be that the oxygen flux 
is limited by the (bulk) diffusion in the 8YSZ-LSM catalytic layers. One indication for this 
theory could be that the Ea values obtained are in close agreement with the activation energy 
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associated with the oxygen vacancy diffusion in 8YSZ-LSM (50-50 vol.%) porous active 
layers, which was reported to be 92 kJ mol-1 when the composite was sintered at 980 °C 
[65]. The values also correspond to the activation energy of oxide ion conduction in 8YSZ 
stated in the literature (from 85 kJ mol-1 to 99 kJ mol-1 [66 – 68]). On the other hand, for 
temperatures above 900 °C, the activation energy of the oxygen transport was evaluated 
between 51.1 and 60.5 kJ mol-1. These values are in good accordance with the activation 
energy of the ionic conductivity of 10Sc1YSZ published by Irvine (62.7 kJ mol-1 in the 
temperature range 700 – 950 °C [69]). Figure 5. 35.b shows the Arrhenius plot of the 1000 
µm thick membrane presenting a single range of activation energy (51.1 – 53.5 kJ mol-1) 
from 700 °C to 950 °C. As expected, the diffusion of the oxide ions through the bulk of the 
membrane is the rate limiting-step in the entire temperature range investigated. The nature 
of the processes limiting the oxygen permeation flux at these temperatures (700 – 950 °C) 
does not seem to be significantly influenced by the sweep gas flow rate, since no important 
variation in Ea is observed. To summarize; in the complete temperature range studied the 
oxygen permeation of the thickest membrane (1000 µm) is limited by the bulk diffusion in 
the 10Sc1YSZ-LCCN membrane while for the thinner membrane (110 µm) the oxygen 
permeation is mainly limited by the surface exchange kinetics or bulk diffusion into the 
catalytic activation layers at low temperatures (T < 900 °C) and by the bulk diffusion in the 
membrane at high temperatures (T > 900 °C).  
Accordingly, to further improve the oxygen permeation through 10Sc1YSZ-LCCN 
membranes, it is necessary to both decrease the bulk limitation and improve the surface 
exchange kinetics. The development of thin asymmetric membranes which combine a 
relatively thick porous support (300 – 1000 µm for mechanical stability) and a thin dense 
membrane layer (10 – 30 µm) may be an ideal solution to circumvent bulk diffusion 
limitations [8]. To overcome surface exchange kinetics limitations one could further infiltrate 
a suitable nano-particulate catalysts in the support layers of the asymmetric membranes. 
This technique has been successfully applied in previous studies [70 – 72].  
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Figure 5. 34: Oxygen permeation fluxes through 1000 µm thick (black symbols) and the 110 µm thick (red symbols) 
10Sc1YSZ-LCCN (70-30 vol.%) membranes in the temperature range of 700-950 °C. N2 (solid symbols) and CO2 (empty 
symbols) were used as sweep gases, while air was flowed as feed gas. 
 
Figure 5. 35: Temperature dependence of the oxygen permeation flux through the 110 µm thick (a) and 1000 µm 
thick (b) 10Sc1YSZ-LCCN (70-30 vol.%) membranes coated with 8YSZ-LSM porous activation layers on both sides. 200 
mLN min-1 of air and 20-200 mLN min-1 of N2 were used as the feed and the sweep gases, respectively. 
3.3.2. Influence of catalyst activation layers on the oxygen permeation flux 
As mentioned in section 2.2., a 15 µm thick catalytic layer made of 8YSZ-LSM (50-50 vol.%) 
was deposited on both sides of the 110 µm dense 10Sc1YSZ-LCCN dual-phase membrane 
in order to enhance oxygen permeation. Figure 5. 36 illustrates the effect of the activation 
layers comparing the measured fluxes with and without these layers. Applying these layers 
results in a significant improvement of the oxygen flux. The improvement is notably higher 
at low temperatures (JO2 multiplied by 6 at 750 – 800 °C, Figure 5. 36.a). The inferior 
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performance of the bare membranes confirms that in these the surface exchange kinetics 
are limiting performance below 900 °C. At 950 °C the oxygen flux is increased by a factor of 
3 with respect to the bare membrane. The lower improvement observed at higher 
temperatures reflects the relatively lower influences of the surface exchange at high 
temperature. Figure 5. 36.b compares the Ea values for the oxygen transport through the 
bare membrane (black) and the “activated” membrane (red). In the complete temperature 
range, the bare membrane presents higher activation energy than the activated membrane. 
This observation gives some support to the hypothesis that the activated membrane could 
be limited by bulk diffusion in the 8YSZ-LSM layers at low temperatures (T < 900 °C), while 
oxygen permeation of the bare membrane is unsurprisingly limited by surface exchange 
kinetics. However, the difference in activation energy could also reflect that for the bare 
membrane (chromite/YSZ) the incorporation reaction occurs via a different mechanisms 
than is the case for the activated membrane where oxygen exchange takes place at the 
LSM/YSZ triple phases.  
 
Figure 5. 36: Effect of the catalytic activation layers: Oxygen permeation flux through a 110 µm thick bare 10Sc1YSZ-
LCCN membrane (black) and a 110 µm thick 10Sc1YSZ-LCCN membrane coated with 8YSZ-LSM (50-50 vol.%) 
activation layers on both sides (red) as a function of the temperature. 200 mLN min-1 of air and 200 mLN min-1 of N2 
were used as the feed and the sweep gases, respectively. 
The improvement in flux falls below the expectation given by the thickness ratio between the 
thick and the thin sample (which would be expected if both membranes were bulk limited). 
Moreover, the flux of the thin coated membrane falls somewhat below the maximum 
achievable as calculated from the conductivity of zirconia, which is around 4 mLN cm-2 min-1 
at 950 °C under the pO2 pressures here applied (see supplementary material). These two 
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considerations indicate that despite coating the membrane surfaces with a porous LSM/YSZ 
layer the losses at the surface are not negligible and that it can be possible to increase the 
flux further by developing a better coating.  
3.3.3. Long-term stability in CO2 
To investigate the chemical and thermal long-term stability of the 10Sc1YSZ-LCCN 
membranes, the oxygen permeation through the 1000 µm thick membrane and the 110 µm 
thick membrane was measured at 850 °C, using 200 mLN min-1 of pure CO2 as the sweep 
gas for 300 and 250 hours, respectively. Figure 5. 37 presents the evolution of the oxygen 
permeation flux for the 1000 µm thick membrane (black) and the 110 µm thick membrane 
(red) as a function of time. The dotted lines represent the first derivative of the oxygen flux 
as a function of the time. During the experiment, the oxygen permeation fluxes through the 
1000 µm thick membrane and the 110 µm thick membrane decreased by 7.6 % and 6.4 %, 
respectively. The major part of the degradation takes place over the first 100 h of the tests 
(6.3 % and 6.0 % for the 1000 µm thick membrane and the 110 µm thick membrane, 
respectively). This degradation could be due to the initial surface oxygen desorption and the 
readjustment of the lattice structure of the membrane under the oxygen gradient [73]. In the 
remaining time the performance of the membranes was stable (0.3 to 1.3 % of degradation), 
thus confirming the results of the stability tests performed on 10Sc1YSZ-LCCN powder 
(section 3.1). 
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Figure 5. 37: Oxygen permeation flux through 1000 µm thick (black) and 110 µm thick (red) 10Sc1YSZ-LCCN (70-30 
vol.%) membranes as a function of the time at 850 °C, with constant flows of air (feed gas, 200 mLN min-1) and CO2 
(sweep gas, 200 mLN min-1). 
4. Conclusion 
The stability of the dual-phase membranes made of 70 vol.% of 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) and 30 vol.% of LaCr0.85Cu0.10Ni0.05O3-δ 
(10Sc1YSZ-LCCN) was studied in conditions relevant to oxy-fuel combustion (CO2, SO2, 
H2O) using several characterization techniques (XRD, XRF, ATR-FTIR and Raman 
spectroscopy). The tests underlined the excellent stability of the composite under application 
relevant atmospheres making 10Sc1YSZ-LCCN a promising dual-phase material for directly 
integrated OTM applications. Long-term stability tests (250 – 300 h) were performed under 
CO2 (as sweep gas) and confirmed that 10Sc1YSZ-LCCN membranes produce a stable 
oxygen flux in CO2 atmosphere. Oxygen permeation fluxes up to 0.27 mLN cm-2 min-1 and 
1.02 mLN cm-2 min-1 (950 °C, air/N2) were obtained for a thick (1000 µm) and a thin (110 µm) 
self-standing 10Sc1YSZ-LCCN membranes, respectively. These promising results may be 
further improved by the development of thin catalyst-impregnated asymmetric membranes 
which could be an ideal solution to overcome the main rate-limiting factors of the oxygen 
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permeation of the developed membranes (bulk diffusion limitations and surface exchange 
kinetics limitations). 
SUPPLEMENTARY MATERIAL 
 
Figure 5. 38: EDX/WDS spectra of the: a) fresh 10Sc1YSZ-LCCN (70-30 vol.%); b) 10Sc1YSZ-LCCN (70-30 vol.%) treated 
with 2000 ppm of SO2 in CO2 and 10 % of steam. The results of the WDS are overlaying the EDX spectra (with a 
different scale). The green lines represent the signal (central line) and backgrounds (lateral lines) corresponding to 
Zr while the red signals represent signal and backgrounds of S. 
 
Figure 5. 39: Oxygen permeation fluxes through 1000 µm thick (black symbols) and the 110 µm thick (red symbols) 
10Sc1YSZ-LCCN (70-30 vol.%) membranes in the temperature range of 700-950 °C. N2 (solid symbols) and CO2 (empty 
symbols) were used as sweep gases, while air was flowed as feed gas. Dashed lines represent oxygen permeation 
fluxes calculated thanks to the Wagner equation. 
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Section S 1: Calculation of theoretical oxygen permeation flux using the Wagner 
equation 
When the permeation flux is mainly limited by the transport of oxide ions and electrons in 
the bulk of the material (bulk diffusion limitation), the oxygen permeation flux can be 
characterized by the Wagner equation (3): 
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫
𝜎𝑒𝜎𝑖
𝜎𝑒+𝜎𝑖
 (𝑝𝑂2) 𝑑 ln 𝑝𝑂2
𝑝𝑂2,𝑓𝑒𝑒𝑑
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
   (3) 
where 𝐽𝑂2 is the oxygen permeation flux (mol m
-2 s-1), R is the gas constant (J mol-1 K-1), T 
is the absolute temperature (K), F is the Faraday constant (A mol-1), L is the membrane 
thickness (m), 𝜎𝑒 and 𝜎𝑖 are the electronic and the ionic conductivities (S m
-1), and 𝑝𝑂2,𝑓𝑒𝑒𝑑 
and 𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 are the oxygen partial pressures at the high-pressure and low-pressure 
sides (Pa), respectively. 
For the calculations of the theoretical oxygen permeation flux through the 1000 µm thick and 
the 110 µm thick membranes, it was considered that: 𝜎𝑒 ≫ 𝜎𝑖 , consequently the integrand 
in Eq. (3) becomes: 
𝐽𝑂2 =
𝑅𝑇
16𝐹2𝐿
∫ 𝜎𝑖 (𝑝𝑂2) 𝑑 ln 𝑝𝑂2
𝑝𝑂2,𝑓𝑒𝑒𝑑
𝑝𝑂2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
   (4) 
The ionic conductivity value 𝜎𝑖 was approximated as: 𝜎𝑖,10𝑆𝑐1𝑌𝑆𝑍 ≫ 𝜎𝑖,𝐿𝐶𝐶𝑁 and 𝜎𝑖 = 𝑥 ∗
 𝜎𝑖𝑜𝑛,10𝑆𝑐1𝑌𝑆𝑍 , where 𝑥 is the volume percentage of 10Sc1YSZ in the composite membrane. 
The ionic conductivities of 10Sc1YSZ from 750 to 940 °C were selected in a study by Irvine 
et al. [69]. The values of the temperatures (𝑇), the membrane thicknesses (𝐿) and the oxygen 
partial pressures 𝑃 ?́?2 and 𝑃  ́?́?2 were determined experimentally for the calculations. 
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5.5. Development and characterization of supported 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport 
membranes 
This sub-chapter describes the main challenges encountered to develop supported, thin film 
10Sc1YSZ-LCCN membranes and the most advanced results obtained. The challenge with 
this part of the work was the well-known difficulty to fully densify lanthanum chromite based 
perovskite materials at temperatures below 1400 °C in a multilayer system [1]. Furthermore, 
LaCrO3-based materials have a poor sinterability due to volatilization of chromium vapor 
species above 1000 °C creating pores on the sides of the membranes [1 – 3]. As a result, 
conventional sintering to obtain gastight membrane layer with the desired ratio of the 
ionic/electronic conductor is difficult or impossible for many membrane geometries and 
sintering arrangements. 
During the co-firing of the thin 10Sc1YSZ-LCCN membrane on a 3YSZ porous support, 
different types of defects were formed, such as cracks, delamination and curvature of the 
membranes (Figure 5. 40). It is believed that these defects are formed due to the different 
sintering behavior of the YSZ and LCCN materials used in the different layers (dense 
membrane and porous support). To overcome this problem, the YSZ as support material 
was replaced by ScYSZ-LCCN, so that the support and membrane were of the same 
material. Nevertheless, the ratio of the electronic conducting phase (LCCN) in the porous 
support structure was increased (10Sc1YSZ- LCCN (40-60 vol.%)) compared to the dense 
membrane layer (10Sc1YSZ-LCCN (70-30 vol.%)). The main reason for this choice is that 
EIS measurements performed on 10Sc1YSZ-MnCo2O4 porous backbones (sub-chapter 
5.2.) demonstrated that such porous structures containing higher amount of electronic 
conducting phase were better performing as catalytic layers than porous structures 
containing only 30 vol.% of electronic conducting phase. 
The supported 10Sc1YSZ-LCCN membranes were developed using two architectures 
(symmetric and asymmetric supported membranes). Asymmetric membranes were made of 
a thin dense layer (10Sc1YSZ-LCCN (70-30 vol.%), 10 – 15 µm) supported on a thick porous 
support (10Sc1YSZ-LCCN (40-60 vol.%), 200 µm) (Figure 5. 42), while symmetric 
membranes consisted of a dense membrane layer (10Sc1YSZ-LCCN (70-30 vol.%), 30-60 
µm) sandwiched between two porous layers (10Sc1YSZ-LCCN (40-60 vol.%), 60 µm) 
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(Figure 5. 43). Both architectures included 3 vol.% of NiO as sintering aid to help the 
densification of the composite membrane layer. 10Sc1YSZ, LCCN and NiO powders were 
mixed by ball-milling for 48 h with appropriate amounts of solvents (ethanol, acetate) and 
organic additives (plasticizer, binder, dispersant) to form the required slurry to tape-cast the 
dense membrane layer. Different pore formers (graphite, PMMA, carbon black), different 
pore former particle sizes and different volume quantities were used for the slurries 
preparation nevertheless further R&D is required to obtain highly porous 10Sc1YSZ-LCCN 
(40-60 vol.%) structures. 
 
Figure 5. 40: Examples of observed cracks, curling and delamination of thin 10Sc1YSZ-LCCN membranes supported 
on 3YSZ porous support. (a) SEM image of a cross-section of a membrane after sintering, (b) and (c) Images of 
membranes after sintering. 
De-binding and sintering are among the most critical steps in ceramic processing of 
multilayers with different material composition and different targeted microstructure/density 
of resulting layers. For the de-binding step, the heating profile was optimized with the help 
of thermogravimetric measurements that were performed on tape-casted porous supports 
(in this layer thermal removal of organics and formation of decomposition gases is most 
critical due to the thickness of the samples). As presented Figure 5. 41, the optimized de-
binding profile comprises five dwell temperatures (3 h at 120 °C, 3 h at 180 °C, 5 h at 220 
°C, 3 h at 280 °C and 2 h at 700 °C), an heating ramp of 60 °C min, a cooling ramp of 120 
°C min-1. The de-binding process was performed in N2. 
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Due to the difficulty of densifying LCCN, the sintering step can be a challenge in the 
fabrication of 10Sc1YSZ-LCCN thin supported membranes. For the pressing of fully dense 
1000 µm thick 10Sc1YSZ-LCCN membranes conventional sintering cycles could be applied 
because the pressed powders have a very high green density that helps densification. 
However, tape-cast membranes have a significantly lower green density due to organic 
additives, and require higher temperatures for densification that the pressed counterparts 
and chromium evaporation is a problem. For these reasons, a two-step sintering process, 
including a peak temperature of 1500 °C (3 min) and a dwell temperature of 1450 °C (3 h) 
was used in order to fully densify the 10Sc1YSZ-LCCN membranes while at the same time 
avoiding the loose of the LCCN phase. Heating ramps of 60 °C h-1 and 300 °C h-1 were used 
from room temperature to 1200 °C and from 1200 °C to 1500 °C, respectively. Cooling 
ramps of 300 °C h-1 and 180 °C h-1 were applied from 1500 °C to 1450 °C, and from 1450 
°C to room temperature. Figure 5. 41 summarizes the de-binding and sintering cycles used 
for the preparation of the supported 10Sc1YSZ-LCCN membranes presented in Figures 5. 
42 and 5. 43. 
 
Figure 5. 41: De-binding cycle (a) and sintering cycle (b) used to optimize the microstructure of the 10Sc1YSZ-LCCN 
(70-30 vol.%) supported membranes. 
Figures 5. 42 and 4. 43 present the SEM images of polished cross-sections of the 
asymmetric and symmetric supported membranes, respectively. In both cases, the dense 
10Sc1YSZ-LCCN (70-30 vol.%) membrane layers are sufficiently dense to be gastight. 
Nevertheless, after the high temperature sintering the 10Sc1YSZ-LCCN (40-60 vol.%) 
 223 Chapter 5: Results and discussions 
Development and characterization of supported (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes 
supports are too dense to allow the diffusion of the feed and sweep gases through the 
support or the infiltration of aqueous solutions of oxygen oxidation/reduction catalysts into 
the three phase boundary region close to the membrane.  
 
Figure 5. 42: SEM images of a polished cross-section of an asymmetric membrane made of a thin dense layer 
(10Sc1YSZ-LCCN (70-30 vol.%), 10-15 µm) supported on a thick porous support (10Sc1YSZ-LCCN (40-60 vol.%), 200 
µm). (a) Overview of the membrane, and (b) zoomed view on the dense membrane layer. 
 
Figure 5. 43: SEM image of a polished cross-section of a symmetrical supported membrane made of a dense 
membrane layer (10Sc1YSZ-LCCN (70-30 vol.%), 30-60 µm) sandwiched in between two porous layers (10Sc1YSZ-
LCCN (40-60 vol.%), 60 µm). 
Even though a perfect microstructure of the 10Sc1YSZ-LCCN (70-30 vol.%) symmetrical 
supported membrane has not been achieved within this work, the membrane has been 
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characterized by oxygen permeation measurement after catalyst infiltration. As catalyst, a 
(Ce0.8Gd0.2)0.8Pr0.2O2-δ aqueous solution (concentration 1.4 M) was prepared by dissolving 
the corresponding nitrate solid solutions in water. The solution was supplemented with a 
wetting agent (Triton X-100) and a complexing agent (Urea), and was infiltrated in both 
10Sc1YSZ-LCCN (40-60 vol.%) porous layers to serve as oxygen oxidation/reduction 
catalyst. The (Ce0.8Gd0.2)0.8Pr0.2O2-δ catalytic solution was poured in excess onto the 
surfaces of the porous layers at atmospheric pressure. Afterwards the infiltrated samples 
were heat-treated at 350 °C for 1 h. This infiltration process was repeated 3 times.  
Figure 5. 44 displays the results of oxygen permeation flux measurements as a function of 
the ratio between the oxygen partial pressures of the feed and permeate sides 
(ln(𝑝𝑂2
𝑓𝑒𝑒𝑑/𝑝𝑂2
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
)) using N2 or CO2 as the sweep gas, and air or pure oxygen as the 
feed gas. The oxygen permeation through the membrane was measured from 750 °C to 950 
°C. The highest fluxes in air/N2 and O2/N2 were measured at 950 °C and correspond to 1.11 
mLN cm-2 min-1 and 2.32 mLN cm-2 min-1, respectively. The oxygen permeation flux measured 
using CO2 as the sweep gas was slightly lower than the ones measured in N2 at an 
equivalent driving force. The oxygen flux permeating through the membrane does not scale 
in direct proportion to the driving force across the membrane, indicating that the oxygen 
permeation flux is mainly limited by the surface exchange kinetics and/or by gas diffusion 
limitations. Such results were expected due to the non-optimized microstructure of the 
porous supporting layers. 
To lead to better microstructures of the 10Sc1YSZ-LCCN supported membranes additional 
pore former will be added in the 10Sc1YSZ-LCCN (40-60 vol.%) porous structures. Once 
ideal microstructure will be obtained, the performances of the membranes for transporting 
oxygen will be evaluated by oxygen permeation measurements in clean atmosphere (inert 
gas as a sweep gas) and in simulated oxy-fuel combustion conditions (SO2 CO2 and H2O). 
 225 Chapter 5: Results and discussions 
Development and characterization of supported (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10-LaCr0.85Cu0.10Ni0.05O3-δ oxygen transport membranes 
 
Figure 5. 44: Oxygen permeation flux of 10Sc1YSZ-LCCN (70-30 vol.%) supported membrane as a function of the 
natural logarithm ratio between the oxygen partial pressure of the feed and the permeate side using N2 or CO2 as 
the sweep gas and air or pure oxygen as the feed gas. 
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The objective of this thesis was to develop high-performing and chemically stable planar 
asymmetric oxygen transport membranes (OTMs) for direct operation (4-end mode 
membrane module) in oxy-fuel combustion power plants. In practice, the development of 
planar asymmetric membranes entails the parallel development of (i) stable porous 
supports, (ii) thin dense membrane layers, (iii) porous catalytic backbones and (iv) meso-
porous nano-particulate catalytic coatings. For the dense membrane layer, dual-phase 
composite membranes consisting of a stable ionic and a stable electronic conductor were 
used to overcome the stability limitations commonly observed with single-phase membrane 
materials (e.g. La1−xSrxCo1−yFeyO3−δ (LSCF), Ba1−xSrxCo1−yFeyO3−δ (BSCF)) in CO2 and SO2 
[1 – 7]. Three composite materials, (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - MnCo2O4 (10Sc1YSZ-
MCO), (ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - Al0.02Zn0.98O1.01 (10Sc1YSZ-AZO) and 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 - LaCr0.85Cu0.10Ni0.05O3-δ (10Sc1YSZ-LCCN) were pursued in 
parallel to develop and characterize planar asymmetric oxygen transport membranes.  
Stability of OTMs in oxy-fuel conditions: The stability of the three composite membranes 
was studied in conditions relevant for oxy-fuel combustion (CO2, SO2, H2O containing 
atmospheres). The stability of 10Sc1YSZ-AZO and 10Sc1YSZ-LCCN composites was 
tested on loose powder at 850 °C for 8 h. Under the harshest test conditions, the powders 
were in contact with up to 2000 ppm of SO2, 30 vol.% of H2O balanced by CO2. Analyses 
using several characterization techniques (XRD, XRF, ATR-FTIR, Raman spectroscopy and 
SEM-EDX) underlined the excellent stability of these materials under application-relevant 
atmospheres. For the 10Sc1YSZ-MCO case the thermochemical stability of the composite 
was studied on a 7 µm thick asymmetric membrane. The test was performed at 850 °C for 
7 days using a gaseous mixture containing 250 ppm of SO2, 3 vol.% of H2O, and 5 vol.% of 
O2 balanced with CO2. The analyses of the exposed membrane by XRD, Raman 
spectroscopy and SEM revealed excellent stability. In addition to these tests, longer stability 
tests (250-1700 h) were performed on membranes at 850 °C using pure CO2 as sweep gas. 
All the tests showed stable oxygen permeation performances in CO2. Overall, all the tests 
confirmed, that in terms of stability, the three composites studied are good candidates for 
use in OTMs directly integrated in oxy-fuel combustion processes.  
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10Sc1YSZ-MCO membranes: Thin dual-phase membranes (7 µm) made of 70 vol.% 
10Sc1YSZ and 30 vol.% MnCo2O4 were successfully prepared and characterized by oxygen 
permeation tests. The decomposition of MnCo2O4 spinel known to occur by formation of 
cobalt oxide above 1200 °C [8] made the development of a thin and fully dense 10Sc1YSZ-
MCO (70-30 vol.%) membrane layer challenging. The use of a two-step sintering process, 
including a peak temperature of 1250 °C (3 min) and a dwell temperature of 1075 °C (6 h), 
was found to be a feasible solution to this challenge. The method allowed manufacture of 
fully dense 7 µm thick 10Sc1YSZ-MnCo2O4 dual-phase membrane while at the same time 
avoiding excessive Co and Mn diffusions and ensuring sufficient mechanical strength of the 
YSZ/Al2O3 support structure. Similar results could not be obtained by conventional sintering. 
The two-step sintering cycle was optimized, thanks to separate dilatometry measurements 
performed on the support and on the membrane layer materials. Oxygen permeation tests 
performed on 7 µm thick 10Sc1YSZ-MnCo2O4 dual-phase membrane resulted in oxygen 
fluxes of 1.41 mLN cm-2 min-1 and 2.23 mLN cm-2 min-1 at 940 °C in air/N2 and O2/N2 
atmospheres, respectively. Calculated values corresponding to the characteristic membrane 
thickness (Lc) of the dual-phase membrane strongly indicated that the main rate-limiting 
factor for the oxygen permeation was the surface exchange kinetics; therefore, further 
studies were performed to improve the catalytic surface layers on the membrane. 
Electrochemical impedance spectroscopy (EIS) measurements were performed to study the 
performances of (i) 8YSZ, (ii) 8YSZ-MCO (40-60 vol.%), (iii) 10Sc1YSZ-MCO (40-60 vol.%), 
(iv) 10Sc1YSZ-MCO (70-30 vol.%), and (v) Ce0.8Tb0.2O2-δ (CTO) - NiFe2O4 (NFO) (40-60 
vol.%) as surface catalysts (in form of porous layers). The tests were carried out under 
different atmospheres: (i) 21 % O2 in N2, (ii) 5 % O2 in N2, (iii) 5 % O2 in CO2 and (iv) 250 
ppm SO2 in 5 % O2 in CO2, and (v) 5 % O2 in N2 (recovery step after exposure to CO2 + 
SO2). Polarization resistances (Rp) were deduced from the EIS measurements to compare 
the performance of the five coatings. The lowest Rp values were acquired with 10Sc1YSZ-
MCO (40-60 vol.%) and CTO-NFO (40-60 vol.%) porous backbones, demonstrating the 
importance of ensuring both good ionic and electronic conductivities in the catalytic porous 
structures. Oxygen permeation tests were realized on 0.5 mm thick 10Sc1YSZ-MCO 
membranes coated with different porous backbones ((i) 8YSZ, (ii) 10Sc1YSZ-MCO (70-30 
vol.%) and (iii) CTO-NFO (40-60 vol.%)) and infiltrated with a Ce-Pr containing catalytic 
solution. The good catalytic performance of the CTO-NFO backbone resulted in an increase 
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of about 50 % of the oxygen permeation flux (0.28 mLN cm-2 min-1, 850 °C, air/Ar) when 
compared to the membrane coated with the 8YSZ backbone (0.19 mLN cm-2 min-1, 850 °C, 
air/Ar). 
10Sc1YSZ-AZO membranes: Dual-phase composite membranes consisting of 50 vol.% 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) and 50 vol.% Al0.02Zn0.98O1.01 (AZO) were 
developed and characterized as thick (1 mm) self-standing membranes and thin (8 µm) 
supported membranes. Due to the high volatility of the Zn in the AZO phase under mildly 
reducing atmospheres (𝑝𝑂2 ~10
-4 atm), the development of thin supported membranes was 
complicated and had to be performed under sufficiently high oxygen partial pressure to keep 
the AZO phase in the composite. This was not easily achieved as, even when pure oxygen 
was applied during the sintering, a thin dense layer (1-2 µm) depleted in AZO was formed 
at the interfaces between the dense layer and the infiltration layers. Very limited oxygen 
permeation fluxes were measured through the 8 µm thick 10Sc1YSZ-AZO (50-50 vol.%) 
supported membrane (0.16 mLN cm-2 min-1 at 925 °C in air/N2) due to these layers that were 
without a percolating electronic conducting phase. When preparing 1 mm thick self-standing 
membranes, the problem of low stability of the AZO phase under mildly reducing 
atmospheres was overcome by removing the 10Sc1YSZ porous phase on both sides of the 
membrane by polishing. Accordingly, higher oxygen permeation fluxes were measured (0.33 
mLN cm-2 min-1 at 925 °C in air/N2). Nevertheless, the performances of thick self-standing 
membranes are clearly too limited to be commercially interesting and further efforts will be 
required to realize thin and highly performing 10Sc1YSZ-AZO asymmetric membranes. 
10Sc1YSZ-LCCN membranes: Self-supported dual-phase membranes made of 70 vol.% of 
(ZrO2)0.89(Y2O3)0.01(Sc2O3)0.10 (10Sc1YSZ) and 30 vol.% of LaCr0.85Cu0.10Ni0.05O3-δ 
(10Sc1YSZ-LCCN) were prepared and characterized by oxygen permeation tests. Fully 
dense 1000 µm thick membranes were obtained by powder pressing and conventional 
sintering (1400 °C/ 6 h in air). After sintering, a (Y2O3)0.08(ZrO2)0.92 - (La0.80Sr0.20)MnO3-δ 
(8YSZ-LSM (50-50 vol.%)) layer was screen-printed on both sides of the membrane to serve 
as oxygen oxidation/reduction catalyst. An oxygen permeation flux up to 0.27 mLN cm-2 min-
1 was obtained at 950 °C in air/N2 atmosphere. The analysis of the results demonstrated that 
the oxygen permeation is mainly limited by the bulk diffusion into the membrane. To reduce 
bulk diffusion limitation, thinner membranes (110 µm thick) were prepared by tape-casting. 
Unlike the 1000 µm thick membranes prepared by powder pressing, thin tape-cast 
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membranes have relatively low green density and require higher sintering temperatures. In 
addition, LaCrO3-based materials have poor sinterability due to the volatilization of 
chromium vapor species above 1000 °C [9 – 11]. As a result, conventional sintering cannot 
be used to obtain a gastight membrane layer with the desired ratio of the ionic/electronic 
conductor. A two-step sintering process, including a peak temperature of 1500 °C (3 min) 
and a dwell temperature of 1450 °C (3 h) was used in order to maximize the density of the 
10Sc1YSZ-LCCN membranes while at the same time avoiding the loss of chromium. A 
membrane with 93.5 % of density was obtained and tested. A 8YSZ-LSM (50-50 vol.%) 
composite was coated on both sides of the membrane to serve as a catalyst for the oxygen 
oxidation/reduction reactions. Oxygen permeation fluxes-up to 1.02 mLN cm-2 min-1 were 
obtained at 950 °C placing the membrane between an air flow and a N2 sweep flow. The 
analyses of the test demonstrated that the oxygen permeation was mainly limited by the 
surface exchange processes at low temperatures (T < 900 °C) and by bulk diffusion in the 
membrane at high temperatures (T > 900 °C). Accordingly, to further improve the oxygen 
permeation through 10Sc1YSZ-LCCN membranes, it is necessary to both decrease the bulk 
limitations and improve the surface exchange kinetics. To achieve this goal, a significant 
amount of work was dedicated to the development of thin supported 10Sc1YSZ-LCCN 
membranes. Asymmetric membranes made of a thin dense layer (10Sc1YSZ-LCCN (70-30 
vol.%), 10-15 µm) supported on a thick porous support (10Sc1YSZ-LCCN (40-60 vol.%), 
200 µm), and symmetrically supported membranes made of a dense membrane layer 
(10Sc1YSZ-LCCN (70-30 vol.%), 30-60 µm) sandwiched in between two porous layers 
(10Sc1YSZ-LCCN (40-60 vol.%), 60 µm) were prepared. Fully dense thin membrane layers 
(10-60 µm) were obtained, but the porous structures (support and activation layers) in the 
process became too dense. Consequently, further research and development are required 
to realize highly performing 10Sc1YSZ-LCCN supported membranes. 
In summary; three composite materials (10Sc1YSZ-MCO, 10Sc1YSZ-AZO and 10Sc1YSZ-
LCCN) were successfully prepared and characterized as planar dual-phase asymmetric 
OTMs for direct operation (4-end mode membrane module) in oxy-fuel combustion power 
plants. Stability tests performed under conditions relevant for oxy-fuel combustion (SO2, 
CO2, H2O) underlined the excellent stability of the three composites. The highest oxygen 
permeation performance was obtained on a 7 µm thick 10Sc1YSZ-MnCo2O4 dual-phase 
membrane (1.41 mLN cm-2 min-1 at 940 °C in air/N2).  
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Future work: Above summarized results are promising, but further improvements are still 
needed to reach the flux targets considered required for further up-scale and industrialization 
of the technology. For all the pursued materials systems optimization of effective and stable 
catalytic materials for the oxygen reduction/oxidation reaction could significantly improve the 
performances of asymmetric membranes. Specifically on the YSZ/AZO system, the 
utilization of a “protective” porous layer with a high AZO content covering the dense 
membrane could likely prevent the undesired depletion of the zinc oxide phase and allow 
the realization of thin 10Sc1YSZ-AZO asymmetric membranes. Finally, an increase in the 
amount of pore former added in the 10Sc1YSZ-LCCN (40-60 vol.%) porous structures is 
recommended to lead to better microstructures of the 10Sc1YSZ-LCCN supported 
membranes possibly improving performance.  
Besides above suggestions of development efforts that can improve the membrane 
performance a number of other initiatives are called to bring this technology to 
commercialization. As a first step, oxygen permeation tests of planar asymmetric 
membranes should be performed under simulated oxy-fuel combustion conditions (250 ppm 
of SO2, 5 % O2, 3 % H2O balanced with CO2). Preferably, these tests should last for, at least, 
1000 h in order to verify the stability of the membranes over a long exposure time. The next 
steps of development should include an up-scaling of the membrane area (as a next 
immediate step in this upscale something on the order of to 10 x 10 cm2 is suggested) and 
subsequently a membrane module with multiple planar membranes should be developed. 
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